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Abstract 
Incorporating the binding chemistry of catechol functionality with RAFT chemistry offers a 
facile and simplified approach for developing a suite of new 2D and 3D hybrid materials with 
tailored morphologies. Leveraging both chemistries by synthesizing catechol-end 
functionalized RAFT agents and catechol-containing monomeric species for RAFT 
(co)polymerization, this dissertation examined a new series of advanced materials that were 
designed for water-based applications including model flocculants, thermoresponsive 
hydrogels, adsorbents and underwater adhesives. 
To prepare the RAFT agents, novel trithiocarbonates with several catechol end R groups (as 
postpolymerization anchors) were synthesized that differ in their carbonyl α-substituents 
(Dopa-CTAs).  These materials were evaluated for their livingness characteristics in the 
polymerization of acrylamido-based monomers, as well as their chain transfer activity. 
Apparent chain transfer coefficients for the Dopa-CTAs were found to vary within one order 
of magnitude. Catechol end-functionalized polyacrylamides were RAFT synthesized and their 
subsequent anchoring via catechol induced linkage to γ-alumina nanoparticles (grafting to) 
was successful, giving PAM-inorganic nanocomposites with thermally stable tethering. 
Reactivity ratios of the acrylamido-based comonomer pair (NIPAM and DMAm) RAFT 
copolymerized with the Dopa-CTAs were determined using in situ 1H-NMR technique via 
non-linear least square methods and found to be rDMAm = 1.28 – 1.31 and rNIPAM = 0.48 – 0.51. 
Concomitantly, a series of low MW poly(DMAm-co-NIPAM) samples (MWs ≤ 26 KDa, Ð 
< 1.08) were prepared in batch mode by varying the comonomer ratios to achieve tunable 
lower critical solution temperature (LCST) behavior (LCST values: 31 – 92 oC). Since the 
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versatility of catechol chemistry allows for post-polymerization linking, the samples were 
further assessed for their LCST behavior under pH conditions necessary for maintaining the 
trithiocarbonates’ integrity and promoting catechol-induced linkages. This resulted in the 
LCST values varying within 3 oC for all the poly(DMAm-co-NIPAM) samples. 
With N-[3,4-dihydroxyphenethyl]methacrylamide (DHPMA) being a catechol containing 
monomer, the combined strategies were explored in the preparation of graphene oxide (GO)-
poly(styrene-co-DHMPA) assemblies as adsorbent materials. RAFT synthesized 
poly(styrene-co-DHPMA) samples characterized by uniform dispersity were morphological 
transformed into nanospheres, whose cores were styrene rich and corona, catechol rich. The 
nanospheres were then linked to GO via the catechol functionalities, resulting in assemblies 
integrating a variety of molecular separation interactions. Adsorption tests carried out with 
the assemblies on methylene blue and tebuconazole contaminated water (5ppm initial 
concentration), showing over 99.8 % and 72.5 % removal respectively, both following pseudo 
second-order kinetics. 
Bio-inspired by the adhesive properties of marine sessile organisms, a series of poly[N-(3,4-
dihydroxy aryl) acrylamide]-co-styrene samples were prepared via RAFT synthesis and 
Lewis-acid deprotection approaches for underwater adhesion of plastic substrates. Adhesion 
testing in DI water and seawater indicated that there is a threshold copolymer hydrophobicity 
beyond which the optimal mole fraction of catechol in a copolymer required for the maximum 
bonding strength is similar for both media. 
Through controlled macromolecular systems design under RAFT regime and catechol binding 
chemistry, coupled with a fundamental understanding on the structures and properties of these 
new materials, this thesis affords a new methodology for preparing materials as flocculants, 
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thermoresponsive hydrogels, adsorbents or underwater adhesives for large-scale water-based 
applications. 
 
 
 
Keywords: RAFT, catechol, In-situ NMR, functionalization, reactivity ratio, graphene oxide 
assemblies, adsorbent and underwater adhesive  
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Chapter 1 Introduction and Literature Review 
1.1 Background 
Attachment of precise and controlled polymers to two- and three-dimensional nano-size 
surfaces is of increasing interest for a wide range of applications including: water clean-up, 
corrosion, antifouling, microelectronics, nano-patterning and drug delivery. This is due to 
these polymer-based assemblies providing synergistic characteristics of both the polymer 
materials and the surfaces, giving the resulting materials unique characteristics. To harness 
such intriguing properties, the polymer materials are often functionalized via covalent 
bonding or coordination chemistry to a surface, and have since been demonstrated with 
tremendous successes on metals,1,2 metal oxides,3 and organic substrates.  Anchoring 
molecules used with controlled polymerization techniques for binding polymer chains to the 
surface include: catechol,3-5 carboxyl,6,7 phosph(on)ates,8-10 silane2,11-13 and thiol14,15 
molecules. These anchoring molecules are often used either as end groups on initiators (or 
chain transfer agents) for controlled polymerization or as functional monomer units that link 
to 2D or 3D surfaces to give polymer nanocomposites. Depending on the intended application, 
the formed polymer nanocomposites are often required to be thermally and solvolytically 
stable, even at the interface between the surface and polymer chain. For this thesis, catechol 
and its derivatives were chosen as anchor groups, because of their versatility and capacity to 
bind or adhere to various surfaces, including both organic and inorganic substrates.5,16-19  
One way of synthesizing such precise and controlled polymers is via the reversible 
deactivation radical polymerization (RDRP) method, which allows the synthesis of materials 
with complex molecular architectures, narrow dispersity (Ð), predetermined molecular 
weights (MW) and diverse functionalities.20,21 RDRP, previously coined controlled/living 
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radical polymerization (C/LRP) in earlier literature (especially prior to 2010) has been 
disambiguated from LRP by the IUPAC on the basis that RDRP comprises “suppressed” 
termination.22 The “living” term was initially adopted by extension from the field of anionic 
polymerization as a grasp of its features that confer livingness characteristics. In some anionic 
polymerizations, chain transfer and termination reactions can be eliminated, provided one 
neglects the effect of residual impurities.22 However, this is practically unfeasible in radical 
polymerization because termination by radical-radical reactions will always occur even in the 
absence of residual impurities. In living polymerization and RDRP, the rate of chain initiation 
should be faster than the rate of chain propagation,23 causing all active species to form 
simultaneously and grow at similar rates leading to controlled and precise polymer chain 
lengths. The livingness characteristics in LRP and RDRP are confirmed via the same way: a 
linear evolution of number-average MW with monomer conversion, plus leftward shifts (i.e. 
to higher MW’s) in a unimodal MW distribution without tailing.24 
In principle, RDRP is essentially a form of radical polymerization involving rapid and 
reversible activation/deactivation of growing chains. Examples of RDRP techniques include 
aminoxyl-mediated radical polymerization (AMRP), atom-transfer radical polymerization 
(ATRP), reversible-addition-fragmentation chain-transfer (RAFT) polymerization, 
organometallic-mediated radical polymerization (OMRP), degenerative-transfer radical 
polymerization (DTRP), transition-metal-mediated radical polymerization (TMRP) and 
iniferter (or photoiniferter) polymerization. AMRP, ATRP and RAFT are currently the most 
common techniques, broadly classified according to their deactivation mechanisms, i.e.: 
catalyzed reversible coupling, spontaneous reversible coupling and degenerative transfer 
(Scheme 1-1).25  
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Scheme 1-1: Mechanisms of Reversible Deactivation Radical Polymerization (RDRP) 
Amongst the most common RDRP techniques, RAFT polymerization provides better 
advantages because of its suitability for both functional and non-functional monomers, also it 
does not require high temperatures typical of AMRP nor catalysts as in the case of ATRP.26 
More so, unlike AMRP and ATRP, the mechanistic steps of RAFT processes do not inherently 
entail retardation.24 Subsequent sections in this chapter examine both RAFT chemistry and 
the surface binding capacity of catechols, and their integration for various applications such 
as solid-liquid separation, adsorption and underwater adhesion. 
1.2 RDRP based on RAFT Mechanistic Process  
RAFT polymerization is essentially a radical polymerization which is superimposed with 
addition-fragmentation equilibria based on a degenerative chain transfer mechanism (Scheme 
1-2).  The term degenerative in this context implies that there is an exchange of functionality 
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and the only difference between the species on either side of the equilibrium is molecular 
weight.27 The addition-fragmentation equilibrium is usually mediated with chain transfer 
agents (CTAs), termed RAFT agents. Although the advent of RAFT chemistry for livingness 
characteristics was in the mid-1990s, it was not until 1998 that thiocarbonylthio compounds 
(1) first appeared as RAFT agents (ZC(=S)SR). These thiocarbonyl compounds were found 
to be tolerant to a vast array of unprotected functionalities on either the Z or R groups when 
used for mediating polymerization,27 and are generally classified depending on their Z groups 
as shown in Table 1-1. 
Table 1-1: Classification of RAFT Agent 
RAFT Agenta Z Groupb Suitable Monomerc Remarks 
Dithioesters 
Z = 
alkyl/aryl 
MAM 
More prone to hydrolysis compared to 
trithiocarbonates, but have better 
transfer constant 
Trithiocarbonates Z = SR’ MAM 
More hydrolytically stable and less 
susceptible to retardation 
Xanthates Z = OR’ LAM Suitable for electron-rich monomers  
Dithocarbamates Z = NR’R” LAM/MAM 
Activity depends on substituents on N, 
which can be made acid/base switchable 
a For a specific case, the choice of RAFT agents should consider the monomer structure, reaction conditions and 
the desired functionality in final products. 
b R’ and R” are usually alkyl or aryl groups 
c Less activate monomers (LAM) are monomers whose double bonds are conjugated with a saturated carbon, 
oxygen lone pair, nitrogen lone pair or the heteroatom of a hetero-aromatic ring (e.g. vinyl acetate, N-
vinylpyrrolidone, N-vinylcarbazole). While more activated monomers (MAM) are monomers whose double 
bonds conjugate to an aromatic ring, a carbonyl group or a nitrile (e.g. acrylamide, acrylonitrile, styrene) 
 
The mechanism of RAFT polymerization includes both the steps of conventional radical 
polymerization and the addition-fragmentation equilibria, as illustrated in Scheme 1-2. 
Despite the overwhelming consensus regarding the RAFT mechanism, there are still on-going 
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debates on the complications from side reactions and the rate at which the equilibria are 
attained. These are particularly important because if fragmentation is slow, the raft adduct 
intermediates (Scheme 1-2) will be consumed in side reactions and if re-initiation is slow, 
then retardation or inhibition may occur. For this thesis, the addition-fragmentation equilibria 
are elucidated below. However, explanation on the other mechanistic steps: initiation, 
propagation and termination are not included, since they are the same as conventional radical 
polymerization. 
Pre-equilibrium: this step involves the rapid addition of oligomeric radical chains to the 
RAFT agent (kadd) to give a RAFT adduct radical species, which fragments to yield either the 
starting species (k-add) or new radical species (kβ), derived from the RAFT agent R group. The 
fragmentation reaction leads to new radical species termed the macro-CTA agent. This step 
is governed by the relative magnitudes of the rate constants, kadd, k-add, kβ and k-β. The R-group 
must be a free-radical leaving group, capable of re-initiating polymerization and its tendency 
to fragment is usually improved by adding electron withdrawing group, increasing steric 
hindrance and ensuring resonance stabilization.  
Re-initiation: the new R-group radical formed during the pre-equilibrium step reacts with the 
monomer species, continuing the growing polymeric radical chains.  
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Scheme 1-2: Mechanism of RAFT Polymerization 
Main equilibrium: propagating polymer chains react with the macro-CTA to form the RAFT 
adduct radical intermediate, whose R and Z sides are identical. During this step, all active 
species (radicals) undergo rapid degenerative interchange, with each of the species having 
equal rates of addition, fragmentation and propagation, thereby leading to a narrow polymer 
dispersity (Ð). 
Effects of Z and R Groups 
Z and R groups, as well as the reaction conditions impact the livingness characteristic of the 
RAFT process. The Z group affects the rate of addition of the propagating radical (Pn˙) to the 
CTA and macroCTA, and the rate of fragmentation of the intermediate adduct radicals. In 
comparison, the R group must be a good homolytic leaving group relative to Pn˙ and capable 
of both reinitiating the polymerization, thereby influencing the partitioning coefficient (ϕ) 
(equation 1-1). 
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∅ =
𝑘𝛽
𝑘𝛽+𝑘−𝑎𝑑𝑑
         (1-1) 
Given the role of these groups on RAFT kinetics, the performance of the RAFT agent is 
often defined in terms of the two transfer coefficients, i.e. Ctr & C-tr. 
𝐶𝑡𝑟 =
𝑘𝑎𝑑𝑑∅
𝑘𝑝
         (1-2) 
𝐶−𝑡𝑟 =
𝑘−𝛽(1−∅)
𝑘𝑖𝑅
        (1-3) 
Under an ideal RAFT polymerization process, the degree of polymerization (DP) is the ratio 
of the concentration of monomer consumed to raft agent consumed. A RAFT process with 
higher Ð (or MW) than predicted based on ideal conditions is usually associated with a low 
Ctr value. To ensure living polymerization, Ctr must be ≥ 10. More effective RAFT agents are 
known to have Ctr values ≥ 100. However, most literature has reported apparent transfer 
coefficients (Ctr
app) instead which rely on the assumption that C-tr or k-β is negligible, thereby 
inherently underestimating the actual Ctr value.  
 
1.3 Surface Anchoring via Catechol Chemistry 
Recently, anchoring mechanisms based on biomimetic-inspired adhesion of blue mussels 
(Mytilus edulis) have been of considerable interest owing to their potential for strong and 
long-lasting adhesion in harsh saline based environments.28,29 This feature is particularly 
unique, in that it is an exception to the fundamental principle that the force of attraction 
decreases with relative permittivity (in vacuum versus in water) for electrostatic and non-
covalent interactions.30 The normal complication arising from the presence of a water 
boundary layer around the substrate is not an issue with mussel-inspired attachment.  
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Mussels attach to a surface through a bundle of disc-tipped thread termed byssi as shown in 
Figure 1-1a. This byssal thread acts as a shock absorber, with the so-called discoid pads 
responsible for attaching the mussel to various surfaces. The core of the byssi contains 
collagenous proteins, which are composed of mussel foot proteins (mfps) that contain varying 
amounts of L-3,4-dihydroxyphenylalanine (L-Dopa). The catechol side of the L-Dopa allows 
binding to various surfaces and curing of adhesive plaques. Over six mfps have been 
associated with the mussel attachment system in several species, of which mfp-3, mfp-5 and 
mfp-6 are predominately located at the adhesive plaque-substrate interface. However, mfp-6 
contributes indirectly to the binding chemistry by acting as the plaque antioxidant to control 
the redox chemistry of L-Dopa residues.31  On the other hand, both mfp-3 and mfp-5 have L-
Dopa contents of  ~ 20 - 30 mol % and play a more direct role in adhesion.   Hence, the 
synthesis of mussel-inspired adhesive polymers is often aimed at mimicking similar molar 
composition of the catechol functionality.  
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Figure 1-1: Attachment of M. edulis to substrate showing the byssal threads and the 
biodistribution of mussel adhesive proteins: (a) Biodistribution of mfps in the adhesive 
plaques; (b) Photo of M. edulis attachment to a surface showing the byssal threads and 
adhesive pads; and (c) Amino acid sequences of the mfps predominant at the plaque-substrate 
interface. 
Catechols and ortho-quinones can be used in forming covalent and non-covalent attachments 
to both organic and inorganic substrates for water-based applications (Fig. 1-2). However, the 
nature of the interactions depends on factors such as pH, ionic strength, types of oxidant, 
substituents on the catechol and/or the nature of the other reactants. Catechols are 
predominantly known to form non-covalent interactions. These include hydrogen bonding 
with polar species, π-π stacking and π-cations owing to the electron density of the aromatic 
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rings and their ability to coordinate with various metal ions or metal oxides via the Pearson 
acid-base concept ((a-d) of Scheme 1-3).  
 
Scheme 1-3: Covalent and Non-Covalent Interactions Associated with Catechols and O-
Quinones: a) cation-π interactions; b) π -π stacking interactions; c) hydrogen bonding 
interaction between catechols and quinones; d) complexation of catechols with metals or 
metal oxides; e) Michael type addition of amine or thiol to o-quinones; f) Schiff base reaction 
of amine with o-quinones; g) Aryloxy radical coupling of o-semiquinone; and h) Boronic acid 
ester complexation with catechols. Adapted from Krogsgaard et al.28 
Catechol-metal ion complexes can be controlled via pH to have a 1:1-, 2:1-, or 3:1 adduct 
stoichiometry (Scheme 1-3d). Increasing the pH ensures the deprotonation of catechol 
hydroxyls, favouring adducts 2:1 and 3:1 stoichiometry of metal-catecholate complexes 
(reaction d of Scheme 1-3). Catechols also coordinate reversibly to boric acid with high 
degree of covalency.28,32  
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In comparison, o-quinones are noted for their ability to form covalent bonds with organic 
substrates (Scheme 1-3e & f). They react with amines (or thiols) via Michael-type additions 
or Schiff base mechanisms (reactions (e) and (f)). Reverse reaction of o-quinone with 
unoxidized catechol causes the formation of highly reactive o-semi-quinone radicals which 
often couple to create crosslinks (aryloxy radical coupling, (g)).   
 
1.4 Application to Solid-Liquid Separation 
Attempts to maximize the separation of various solids from water in Canadian based tailings 
streams has led to the examination of polymer-based flocculants with diverse architectures 
and structural composition.33 The current trend in the synthesis of flocculants has shifted 
towards designing “smart” copolymers34 and polymeric nanocomposites33,35 as novel 
materials, to produce shear-resistant, dense and fast settling flocs. Amongst such flocculants, 
polymeric nanocomposites have shown significant potential by harnessing the synergistic 
effects of their constituent components to enhance coagulation, flocculation, and 
sedimentation.35  
 For flocculation, the polymer-particle or particle-particle interactions occur primarily by 
bridging, charge patching or depletion mechanisms (Fig. 1-2). Often, two or more of these 
mechanisms occur simultaneously.36 The polymeric components are required to have high 
molecular weights (> 106 Da) and the capacity to absorb to particle surfaces.37 In comparison, 
the inorganic counterpart induces charge neutralization or contributes to the overall density 
of the flocs, thereby leading to rapidly settling masses.  
12 
 
 
Figure 1-2: Polymeric induced flocculation: (a) bridging mechanism; (b) charge patch 
neutralization; and (c) depletion flocculation. 
Though flocculation remains popular as a pre-treatment step of most emerging technologies 
for oil-affected wastewater, commercially available flocculants are less efficient owing to 
weakened polymer-particle interactions caused by interstitial presence of oily components.38  
This causes a tendency for surface effects to predominate over mass effects which is necessary 
to ensure fast settling flocs. Thus, necessitating the need for the design of flocculants well 
suited for oil affected wastewater. Flocculants commonly used in the industry for treating oil-
related tailings like acrylamido-based (co)polymers are usually produced in large scale via 
emulsion polymerization. However, in chapter two of this thesis, we employ RAFT and 
catechol chemistries to demonstrate fundamental studies on the design and preparation of 
flocculants having highly dense metal oxide cores with several polymeric arms of similar 
length. Alumina nanoparticles were selected as the metal oxide component due to their 
potential to adsorb bitumen, hence its suitability for oil contaminated tailing streams.39 
Another strategy that has been explored in the literature involves the adaption of the thermos-
responsive behavior of smart (co)polymers to ensure the formation of fast settling dense 
flocs.34 In principle, these (co)polymers transform from being extended coils to globule 
conformation when heated above their lower critical solution temperature (LCST) to form a 
compacted structure (Fig 1-3).  To obtain tunable LCST values, various acrylamido-based 
13 
 
monomers such as glycinyl arylamide40 and N-(2-hydroxypropyl) methacrylamide41 have 
been copolymerized with N-isopropylacrylamide (NIPAM), which is known to have 
remarkable LCST properties. Hence in chapter three of this thesis, we investigated the 
thermos-responsive behavior of RAFT synthesized acrylamido-based copolymers (N,N-
dimethylacrylamide and NIPAM) and simultaneously determined the reactivity ratios of the 
comonomers based on our novel catechol RAFT agents. 
 
Figure 1-3: Temperature-induced flocculation using smart polymers. 
1.5 Application as Graphene oxide-based Absorbents for Organic Contaminants 
Organic contaminants with aromatic rings are usually non-biodegradable and highly toxic, 
possessing carcinogenic, mutagenic and other health related risks to aquatic and human 
lives.42,43 Consequently, various treatment methodologies are often deployed to ensure the 
constituents in wastewater streams are below the USA’s Environmental Protection Agency’s 
(EPA) established maximum contaminant levels.42  Adsorption is one of these technologies 
which has been shown be relatively economical, versatile, selective and easy to implement. 
However, current trends in the design of adsorbents require multi-functionality, making them 
suitable for various range of contaminants.44 Cognizant of this, the surface characteristics of 
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the adsorbents are usually tailored for multiple interactions (adsorbent-adsorbate) with high 
surface area (SA) and appropriate particle size distribution (PSD). Carbon-based materials 
such as graphene oxide (GO) and its derivatives have emerged as candidate adsorbents 
because of their intriguing high SA45 and other exceptional properties including high thermal 
conductivity, optical transparency and excellent mechanical strength. GOs compared to 
graphene counterparts have better dispersive properties in aqueous media and can be produced 
in large scale,46 thus encouraging their potential as adsorbent materials. 
Though GOs inherently have a high SA, enhanced porosity is often introduced to them by 
combining with porous materials to provide increased surface areas.47  Providing surface 
functional groups on their surface enhances multiple interactions or binding with adsorbates 
in order to improve the adsorptive performance. Surface functionalities on GO include -
COOH, -C=O and -OH groups. Negatively-charged oxygen containing surface functionalities 
(-COOH and -OH) induce electrostatic interactions with cationic organic adsorbates. It should 
be noted that GO nano-sheets tend to be negatively charged given the density of delocalized 
π electrons within their aromatic rings.48 Oxygen containing groups on GO can form hydrogen 
bonding with relevant adsorbate molecules. While, delocalized π electrons within the aromatic 
rings of GOs are noted for exhibiting π-π stacking interactions with aromatic contaminants.49  
Nevertheless, there still exist some major challenges to produce GO-based adsorbent 
materials with high selectivity to a wide range of contaminants.44 Here, we show in Chapter 
4 that the catechol functionality has an excellent adhesive property and is capable of attaching 
to various GO surfaces to design novel adsorbents via its versatile chemistry.16-18  In this 
study, copolymers bearing catechol-related pendants were assembled on synthesized GO 
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materials and subsequently tested under batch mode for the adsorption of organic dyes and 
triazole fungicides. 
For a given adsorbent material, the factors that influence the performance of an adsorption 
process under batch mode include adsorbent dosage, solution pH, ionic strength, contact time 
and temperature.47 In addition, adsorption kinetics are often determined and adsorption 
isotherms fitted from equilibrium data for further insights into the adsorption process. These 
insights include but not limited to whether the adsorption process is fast or slow, monolayer 
or multilayer and saturated or unsaturated. Detailed information on known adsorption 
isotherms can be found in the literature.50 
1.6 Application as Catechol-based Copolymers as Underwater Adhesives 
For centuries, biology has been a go-to source for inspiration on the development of novel 
and synthetic advanced materials.  This in part has led to various synthetic underwater 
adhesives inspired by barnacles,51,52 egg albumen,53 mussels,54 octopi,55 seaweeds,56 and 
tubeworms.7 With attempts often made, first at identifying the key structures responsible for 
the adhesion, their isolation and then the design of their chemical replicas that can be 
synthesized at a large-scale. Adhesion systems vary for each biological species. For instance, 
octopus (mollusc) adhere to surfaces based on suction forces via dome-like outthrust in their 
suckers, giving rise to high differential pressure.55 Sessile aquatic organisms including 
barnacles and mussels attach to various surfaces by means of proteinaceous adhesive cements 
and mussel foot plaques respectively.28,51 Crosslinking reactions within the adhesive 
molecules (cohesive curing) and with the surface of an adherend (adhesive surface bonding) 
are integral to obtaining high strength underwater bonding. In the case of barnacle cements, 
crosslinking is non-covalent but a consequence of the self-assembling of proteins via 
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hydrophobic and hydrogen bonding interactions into amyloid-like morphology.51,57 The self-
assembly process is thought to be promoted via the combination of hydrophobic interactions 
from alkyl or aryl groups and hydrogen bonding from amide groups.51,57 For mussel adhesive 
systems, the catechol unit of L-Dopa has been confirmed as the main functionality responsible 
for  adhesive binding and the crosslinking reaction of cohesive curing.58 Catechols usually 
undergo crosslinking reactions via oxidation which may be chemical, enzymatically or pH 
triggered.28  
For barnacle-like species, studies have focused mainly on identifying the main adhesive 
components by overcoming fractionalization and solubility issues associated with the 
adhesive cements in order to isolate and ensure their detailed characterization.51,52,57 On the 
other hand, mussel adhesion systems have garnered more attention, recording significant 
research progress owing to the successful isolation and characterization of their main adhesive 
components, as well as their high adhesive strength.59 Several synthetic mussel-inspired 
(co)polymers have been developed using comonomer species like L-lysine, acrylates, styrene, 
ethylene, methyl methacrylate and glycol.54,60,61 These copolymers have been  studied  for the 
effects of various factors such as molecular weight,61,62 catechol mole ratio, charge54 and the 
nature of the comonomer species51 providing further insights into the mussel adhesion 
mechanism. However, there still exists knowledge gaps regarding the roles of amide groups 
and carbon spacers relative to catechol functionality on the strength of the mussel-inspired 
polymeric adhesion. Chapter five of this thesis attempts to address how amide groups and 
carbon spacers contribute to adhesive strength. 
Though catechol and its derivatives give weaker adhesion in underwater compared to dry 
conditions, they are relatively better than most commercial glues, such as cyanoacrylate glues, 
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epoxy, urethane and vinyl.54,61 For most glues, the adherend needs to be free of water 
molecules; while in the case of cyanoacrylates, toxicity remains an issue, besides curing 
happens too fast due to water-initiated polymerization.53  
1.7 Objectives of the Thesis 
While the overall objective of this work is to synergize catechol and RAFT chemistries for 
making advanced polymeric nanocomposite materials that would be used as flocculants for 
oil-affected wastewaters, adsorbents for aromatic organic contaminants and adhesives for 
saline water environments. The specific objective are as follows: 
i) To fundamentally develop acrylamido-based polymeric nanocomposites as 
flocculant materials with RAFT agents bearing anchorable catechol-end R groups. 
These novel RAFT agents were investigated for their livingness characteristics, 
and subsequent binding of the resulting polymers to metal oxides. 
ii) To investigate the thermoresponsive behavior of acrylamido-based copolymers 
(low dispersity) that are RAFT synthesized with the catechol-end RAFT agents, 
and how conditions necessary for the postpolymerization modification of the 
catechol would impact this behavior. The reactivity ratios of the comonomer 
species were also determined.  
iii) To design adsorbent materials by assembling RAFT synthesized copolymers 
bearing catechol functionality on graphene oxides. The adsorbents were 
subsequently tested on emerging organic contaminants for the adsorption kinetics 
and treatment efficiency. 
iv) To examine how the position of amide functionality relative to catechol pendant 
on polymer chains impacts their binding strength. New N-(3,4-methylenedioxy 
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aryl) acrylamido-based copolymer systems were synthesized via RAFT chemistry, 
deprotected to their catechol counterparts and tested for their binding strengths 
using various substrates. 
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Chapter 2 Adhesive RAFT Agents for Controlled 
Polymerization of Acrylamide: Effect of Catechol-end R 
Groups 
Abstract 
Synthesizing polyacrylamide (PAM) inorganic nanocomposites with stable tethering and 
controlled polymer length has been elusive. Herein, we report on the synthesis of 
trithiocarbonates with several catechol end R groups (as anchors) that differ in their carbonyl 
α-substituents. These so-called adhesive RAFT agents were subsequently examined in batch 
RAFT polymerization of acrylamide (AM) monomer to study their livingness characteristics. 
The catechol-end trithocarbonates’ (Dopa-CTAs) and catechol-end PAM structures (≤ 46 
kDa) were confirmed via 1D (1H and 13C) and 2D (gHSQC, gHMBC) NMR. Subsequent 
anchoring of the end-functionalized PAM (grafting to) via catechol induced linkage to γ-
alumina nanoparticles was successful, giving good correlation based on ATR-FTIR, DLS and 
TGA analyses. This unique methodology enables PAM-inorganic nanocomposites to be 
synthesized with stable tethering without significant rate retardation. 
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2.1 Introduction 
Polymeric inorganic nanocomposites (PNCs) using so-called “smart” (co)polymers1-4 have 
shown potential by harnessing the synergic effects of both the polymer and inorganic 
components to enhance properties for end-use applications such as water treatment 
flocculation.5-7 For linking the polymer component to inorganic nanoparticles, various 
coupling molecules have been investigated including carboxyls,8 catechol derivatives,9-13 
phosph(on)ates,14 silanes,15-17 and thiols.18-20 Catechol derivatives have been shown to provide 
strong and stable chemisorption bonding between the polymer component and inorganic 
nanoparticles.11-13 To provide this catechol functionality, dopamine is bifunctional with an 
amine moiety that can be chemically modified for amide linkage formation to polymer, while 
the catechol will promote mono- or bi-dentate bonding to the inorganic nanoparticles 
(NPs).21,22  
Strategies commonly used for the synthesis of pre-defined PNCs involve controlled radical 
polymerization (CRP) using either “grafting from” or “grafting to” approaches, with the latter 
entailing the immobilization of end-functionalized polymer on NPs. The inorganic NPs being 
the core help to define the final morphology of the PNC, in conjunction with controlled 
polymerization to ensure uniform extension of the polymeric chains from the NP core. Of the 
CRP techniques, the reversible addition-fragmentation chain transfer (RAFT) polymerization 
method has been given immense attention for the synthesis of advanced materials. This is 
because of its potential for tailored materials with predetermined molecular weight (MW), 
complex architectures, diverse functionalities and narrow dispersity (Đ).23 In particular, the 
RAFT polymerization technique has been shown to possess advantages over both ATRP and 
nitroxide techniques because of the ease of implementation and the wide range of applicable 
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monomers (functional and non-functional), solvents and conditions. Under the “grafting to” 
approach, end-functionalized polymers can be prepared utilizing a RAFT agent (ZC(=S)SR)  
that has a Z- or R- substituent bearing the required end-group.8,24 However, selection of the 
substituents needs to be suited for the specific monomer, as they influence the RAFT agent 
reactivity, solubility and polymerization kinetics.25 Among the various classes of RAFT 
agents, trithiocarbonates are more hydrolytically stable and offer better control over polymer 
structure derived from more activated monomers, such as acrylamide.26 
A number of studies have utilized a catechol moiety (as an adhesive molecule) with RAFT 
polymerization techniques for PNC syntheses, and catechol end-functionalization of polymers 
is often achieved in-situ using catechol bearing RAFT agents for polymerization13,27 or after 
polymer synthesis via post-modification.28,29 However, to the best of our knowledge, no 
studies have attempted to compare catechol bearing RAFT agents having differing 
substituents at their alpha positions for the most suited livingness characteristics with respect 
to monomers. Herein, we investigate the influence of trithiocarbonate RAFT agents bearing 
the same Z group but different catechol end R groups on acrylamide (AM) polymerization, 
and subsequent anchoring of the resulting polymer to γ-alumina NPs. More specifically, the 
catechol RAFT agents differ in the substituents on their trithiocarbonate α carbon, and one of 
the RAFT agents being bulkier (see Scheme 2-1). The catechol end R group affects the 
partitioning of intermediate radicals, and should be a good homolytic leaving group for 
preferential partitioning into new radical species (derived from the R-group) which are 
capable of efficient re-initiation.30,31 We focused on end-functionalized polymers for 
subsequent “grafting to” as opposed to surface-initiated polymerization, because dense 
anchoring of the catechol-end CTA on metal oxide NPs requires conditions that cause 
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hydrolytic decomposition of trithiocarbonate groups.10,32 The AM monomer was chosen 
because of the wide utility of PAM in applications as flocculants or additives in wastewater 
treatment,5,33,34 while γ-Al2O3 was employed because of its high OH density, high surface 
activity and propensity for wastewater treatment.35,36 
 
Scheme 2-1: End-functionalization of polyacrylamide with RAFT agents possessing different 
catechol-end R groups 
2.2 Experimental Section 
Materials: γ-alumina (dTEM ≤ 50 nm, surface area > 40 m2/g (BET), acrylamide (AM, ≥ 98%), 
4,4’-azobis(4-cyanovaleric acid) (ACVA, ≥ 98%), Dopamine hydrochloride, N-
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hydroxysuccinimide (NHS, 98%), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride (EDC, ≥ 98%), sodium chloride (NaCl, ≥ 99%),  2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT, 98%), 2-
(dodecylthiocarbonothioylthio)propionic acid (DoPAT, 97%), 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDSPA, 97%) and methanol 
(MeOH, ≥ 99.9%) were purchased from Sigma Aldrich, Canada and used as received. All 
other organic solvents used were the highest purity available from the Caledon Laboratory 
Ltd., Canada. Sodium bicarbonate (NaHCO3, ≥ 95 %), anhydrous sodium sulfate (Na2SO4, ≥ 
99 %) and anhydrous magnesium sulfate (MgSO4) and sulfuric acid (96.5%) were obtained 
from the Caledon Labs (CA). Triethylamine (Et3N, 99.5 %) and hydrogen peroxide (30.5%) 
were procured EDM Chemicals (USA). Dialysis membranes (MW 3,500 Da) were purchased 
from Spectrum Laboratories, Inc., while 25 μm filters (Fischer Scientific) were obtained from 
VWR Canada.  All batch polymerization reactions were previously purged under argon 
atmosphere (ultra-high purity, Praxair Inc. Canada). 
Synthesis of RAFT Agents with (2,5-dioxopyrrolidin-1-yl)oxidanyl End Groups (Suc-
CTAs, (2a-c)): The synthesis of Suc-CTAs was performed based on a literature method13 by 
varying R groups while using a simplified workup procedure. NHS (0.40 g, 3.40mmol) and 
EDC (0.76 g, 3.43mmol) were added to 2.68mmol each of CDSPA, DDMAT, and DoPAT 
dissolved in dried DCM (30 mL, previously dried with anhydrous Na2SO4), and allowed to 
react for 18 hr under continuous stirring at room temperature. Each reaction mixture was then 
washed with 150 mL of saturated NaHCO3 (aq) before collecting the DCM phase. Further 
extraction from the aqueous phase was carried out with ethyl ether (5×30 mL), and then 
combined with the DCM phase to give a single organic phase, which was washed with 
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deionized water (3×50 mL), brine (3×50 mL) and dried over anhydrous MgSO4 (7.0 g). The 
hydrated MgSO4 was filtered off and the solvent removed using a Rotavap to obtain yellowish 
solid products. 
Suc-DDMAT: 1H NMR (600 MHz, CDCl3) δ (ppm): 0.89 (t, J = 7.0 Hz, 3 H, CH3CH2CH2), 
1.23 - 1.34 (m, 16 H, CH3(CH2)8CH2), 1.36 - 1.42 (m, 2 H, CH2(CH2)2S), 1.66 - 1.72 (m, 2 
H, CH2CH2S), 1.88 (s, 6 H, C(CH3)2), 2.82 (m, 4 H, (O=)C(CH2)2C(=O)), 3.31 (t, J = 7.0 Hz, 
2 H, CH2S); 
13C NMR (100 MHz, CDCl3) δ(ppm): 14.1 (CH3CH2CH2), 22.7 (CH3CH2CH2), 
25.6 (C(CH3)2, (O=)C(CH2)2C(=O)), 27.8 (CH2CH2S), 29.0 (CH2(CH2)2S), 
29.1(CH2(CH2)3S), 29.3 (CH2(CH2)4S), 29.4 (CH3(CH2)2CH2), 29.5 (CH3(CH2)3CH2), 29.6 
(CH3(CH2)4(CH2)2), 31.9 (CH3CH2CH2), 37.2 (CH2CH2S), 54.3 (C(CH3)2), 168.6 (N(C=O)2), 
169.1 (C(=O)O), 218.7 (SC(=S)S). FTIR (cm-1): 2916 (υasCH2), 2847 (υsCH2), 1777 (υC=O, 
imide), 1734 (υC=O, ester), 1202 (υC-O, ester), 1073 (υC=S), 811(υasS-C-S). 
Suc-DoPAT: 1H NMR (600 MHz, CDCl3) δ (ppm): 0.88 (t, J=7.0 Hz, 3 H, CH3CH2CH2), 
1.22 - 1.33 (m, 16 H, CH3(CH2)8CH2), 1.39 (quin, J=7.2 Hz, 2 H, CH2(CH2)2S), 1.62 - 1.73 
(m, 2 H, CH2CH2S), 1.75 (d, J=7.4 Hz, 3 H, CH(CH3)), 2.83 (br. s, 4 H, (O=)C(CH2)2C(=O)), 
3.37 (td, J=7.4 Hz ×2 and 3.1 Hz, 2 H, CH2S), 5.14 (q, J=7.4 Hz, 1 H, CH(CH3)); 
13C NMR 
(100 MHz, CDCl3) δ (ppm): 14.1 (CH3CH2CH2), 16.7 (CH(CH3)), 22.6 (CH3CH2CH2), 25.6 
((O=)C(CH2)2C(=O)), 27.8 (CH2CH2S), 28.9 (CH2(CH2)2S), 29.0 (CH2(CH2)3S), 29.3 
(CH2(CH2)4S), 29.4 (CH3(CH2)2CH2), 29.5 (CH3(CH2)3CH2), 29.6 (CH3(CH2)4(CH2)2), 31.9 
(CH3CH2CH2),  37.5 (CH2CH2S), 45.0 (CH(CH3)), 167.2 (N(C=O)2), 168.5 (C(=O)O), 220.2 
(SC(=S)S). FTIR (cm-1): 2914 (υasCH2), 2848 (υsCH2), 1786 (υC=O, imide), 1736 (υC=O, 
ester), 1471, 1358, 1200 (υC-O, ester), 1073 (υC=S), 813(υasS-C-S). 
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Suc-CDSPA: 1H NMR (600 MHz, CDCl3) δ(ppm): 0.89 (t, J=7.0 Hz, 3 H, CH3CH2CH2), 1.23 
- 1.33 (m, 16 H, CH3(CH2)8CH2), 1.35 - 1.44 (m, 2 H, CH2(CH2)2S), 1.66 - 1.73 (m, 2 H, 
CH2CH2S), 1.89 (s, 3 H, C(CH3)), 2.48 - 2.69 (m, 2 H, CH2CH2C(=O)O), 2.85 (br. s, 4 H, 
(O=)C(CH2)2C(=O)), 2.94 (ddd, J=10.0, 6.2, 3.8 Hz, 2 H, CH2C(=O)O), 3.34 (t, J=7.3 Hz, 2 
H, CH2CH2S); 
13C NMR (100 MHz, CDCl3) δ (ppm): 14.1 (CH3CH2CH2), 22.7 
(CH3CH2CH2), 24.8 (C(CH3)), 25.6 ((O=)C(CH2)2C(=O)), 26.8 (CH2C(=O)O), 27.6 
(CH2CH2S), 28.9 (CH2(CH2)2S), 29.0 (CH2(CH2)3S), 29.3 (CH2(CH2)4S), 29.4 
(CH3(CH2)2CH2), 29.5 (CH3(CH2)3CH2), 29.6 (CH3(CH2)4(CH2)2), 31.9 (CH3CH2CH2), 33.2 
(CH2CH2C(=O)O), 37.1 (CH2CH2S), 46.0 ((CH3)C(C≡N)), 118.6 (C(C≡N)),  167.0 
(C(=O)O), 168.8 (N(C=O)2), 216.5 (SC(=S)S). FTIR (cm
-1): 2916 (υasCH2), 2848 (υsCH2), 
2235 (υC≡N), 1820, 1783 (υC=O, imide), 1734 (υC=O, ester), 1423, 1383, 1293, 1199 (υC-
O, ester), 1066 (υC=S), 884, 803(υasS-C-S). 
Synthesis of Catechol End Group CTAs (Dopa-CTAs (3a-c)): Typically, dopamine 
hydrochloride (0.50 g, 2.64mmol) and each of Suc-CDSPA, Suc-DDMAT and Suc-DoPAT 
(2.13 mmol) were added to MeOH (30 mL) with Et3N (0.40 mL, 2.87mmol), and allowed to 
undergo dark reaction for 48 hr at room temperature under continuous stirring. At the end of 
the reaction, the solvent was removed by rotary evaporation, followed by the addition of ether 
(20 mL) and washing of the aqueous phase. Subsequently, the ether phase was washed with 
deionized water (3×15 mL) and brine (3×15 mL). The ether solvent was removed by vacuum 
evaporation, and then the viscous solute cooled (4oC) before precipitating in hexane (except 
for Dopa-CDSPA) to give a bright yellow solid product, which was vacuum dried. In the case 
of Dopa-CDSPA, further purification was carried out via preparative column chromatography 
using silica gel (ethyl acetate: hexane= 3:1 v/v). 
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Dopa-DDMAT: 1H NMR (600 MHz, CDCl3) δ (ppm): 0.89 (t, J=7.0 Hz, 3 H, CH3CH2CH2), 
1.23- 1.32 (m, 16 H, CH3(CH2)8CH2), 1.36 - 1.41 (m, 2 H, CH2(CH2)2S), 1.66 (s, 8 H, 
CH2CH2S, C(CH3)2), 2.67 (t, J=7.0 Hz, 2 H, CH2-ArC), 3.26 (t, J=7.6 Hz, 2 H, CH2CH2S), 
3.41-3.49 (m, 2 H, NHCH2CH2), 6.56 (dd, J=8.0, 2.2 Hz, 1 H, ArC-H(m-OH)), 6.64 (t, J=5.5 
Hz, 1 H, NHCH2CH2), 6.71 (d, J=2.0 Hz, 1 H, ArC-H(o-OH)), 6.80 (d, J=8.2 Hz, 1 H, ArC-
H(o-OH)); 13C NMR (100 MHz, CDCl3) δ (ppm): 14.1 (CH3CH2CH2), 22.7 (CH3CH2CH2), 
25.8 (C(CH3)2), 27.7 (CH2CH2S), 29.0 (CH2(CH2)2S), 29.1(CH2(CH2)3S), 29.3 
(CH2(CH2)4S), 29.4 (CH3(CH2)2CH2), 29.5 (CH3(CH2)3CH2), 29.6 (CH3(CH2)4(CH2)2), 31.9 
(CH3CH2CH2), 34.5 (NHCH2CH2), 37.2 (CH2CH2S), 41.7 (NHCH2CH2), 57.1 (C(CH3)2), 
115.2 (ArC-H(o-OH)), 115.4 (ArC-H(o-OH)), 120.8 (ArC-H(m-OH)), 130.8 (CH2-ArC), 
142.9 (ArC-OH), 144.0 (ArC-OH), 173.2 (CC(=O)NH), 219.9 (SC(=S)S). FTIR (cm-1): 3340 
(υNH, amide), 3186 (υOH, phenol), 2920 (υasCH2), 2850(υsCH2), 1622 and 1604 (υC=O, 
amide I & υC=C, aromatic), 1531 (υC-N & δNH, amide II), 1447, 1361, 1291, 1252, 1158, 
1112, 1072 (υC=S), 813 (υasS-C-S). 
Dopa-DoPAT: 1H NMR (600 MHz, CDCl3) δ (ppm): 0.89 (t, J=7.0 Hz, 3 H, CH3CH2CH2), 
1.21 - 1.35 (m, 16 H, CH3(CH2)8CH2), 1.37 - 1.45 (m, 2 H, CH2(CH2)2S), 1.55 (d, J=7.6 Hz, 
3 H, CH(CH3)), 1.71 (quin, J=7.5 Hz, 2 H, CH2CH2S), 2.66 (t, J=6.8 Hz, 2 H, CH2-ArC), 3.28 
- 3.49 (m, 4 H, CH2CH2S, NHCH2CH2), 4.69 (q, J=7.6 Hz, 1 H, CH(CH3)), 6.50 (t, J=5.6 Hz, 
1 H, NHCH2CH2), 6.57 (dd, J=7.9, 2.1 Hz, 1 H, ArC-H(m-OH)), 6.67(d, J=1.8 Hz, 1 H, ArC-
H(o-OH)), 6.80 (d, J=8.2 Hz, 1 H, ArC-H(o-OH));1H NMR (600 MHz, DMSO-d6) δ (ppm): 
0.83 (t, J=6.8 Hz, 3 H, CH3CH2CH2), 1.16 - 1.27 (m, 16 H, CH3(CH2)8CH2), 1.28 - 1.35 (m, 
2 H, CH2(CH2)2S), 1.42 (d, J=7.0 Hz, 3 H, CH(CH3)), 1.60 (quin, J=7.5 Hz, 2 H, CH2CH2S), 
2.48 (m, 2 H, CH2-ArC), 3.10 - 3.22 (m, 2 H, NHCH2CH2), 3.33 (t, J=7.6 Hz, 2 H, CH2CH2S), 
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4.64 (q, J=7.0 Hz, 1 H, CH(CH3)), 6.39 (dd, J=7.9, 2.1 Hz, 1 H, ArC-H(m-OH)), 6.54 (d, 
J=2.4 Hz, 1 H, ArC-H(o-OH)), 6.59 (d, J=7.6 Hz, 1 H, ArC-H(o-OH)); 8.60 (s) & 8.69 (s) 
(2H, Ar-OH), 8.31(t, J=5.6 Hz, 1 H, NHCH2CH2); 
13C NMR (100 MHz, CDCl3) δ (ppm): 
14.1 (CH3CH2CH2), 16.1 (CH(CH3)), 22.7 (CH3CH2CH2), 27.8 (CH2CH2S), 28.9 
(CH2(CH2)2S), 29.1 (CH2(CH2)3S), 29.3 (CH2(CH2)4S), 29.4 (CH3(CH2)2CH2), 29.5 
(CH3(CH2)3CH2), 29.6 (CH3(CH2)4(CH2)2), 31.9 (CH3CH2CH2),  34.6 (NHCH2CH2),37.7 
(CH2CH2S), 41.3 (NHCH2CH2),47.8 (CH(CH3)), 115.3 (ArC-H(o-OH)), 115.5 (ArC-H(o-
OH)), 120.7 (ArC-H(m-OH)), 130.4 (CH2-ArC), 142.9 (ArC-OH), 144.0 (ArC-OH), 171.4 
(CHC(=O)NH), 223.4 (SC(=S)S). FTIR (cm-1): 3341 (υNH, amide), 3238 (υOH, phenol), 
2922 (υasCH2), 2848(υsCH2), 1633 and 1616 (υC=O, amide I & υC=C, aromatic), 1522 (υC-
N & δNH, amide II), 1465, 1365, 1281, 1193, 1070 (υC=S), 813 (υasS-C-S). 
Dopa-CDSPA: 1H NMR (600 MHz, CDCl3) δ (ppm): 0.89 (t, J=6.8 Hz, 3 H, CH3CH2CH2), 
1.22 - 1.34 (m, 16 H, CH3(CH2)8CH2), 1.35 - 1.45 (m, 2 H, CH2(CH2)2S), 1.69 (quin, J=7.5 
Hz, 2 H, CH2CH2S), 1.88 (s, 3 H, C(CH3)), 2.32 - 2.39 (m, 1 H, CH2
aCH2C(=O)), 2.42 - 2.47 
(m, 2 H, CH2CH2C(=O)), 2.48 - 2.55 (m, 1 H, CH2
bCH2C(=O)), 2.71 (t, J=7.0 Hz, 2 H, CH2-
ArC), 3.33 (t, J=7.5 Hz, 2 H, CH2CH2S), 3.43 - 3.54 (m, 2 H, NHCH2CH2), 5.63 (t, J=5.9 Hz, 
1 H, NHCH2CH2), 6.61 (dd, J=8.2, 1.7 Hz, 1 H, ArC-H(m-OH)), 6.72 (d, J=1.8 Hz, 1 H, ArC-
H(o-OH)), 6.83 (d, J=8.2 Hz, 1 H, ArC-H(o-OH)); 13C NMR (100 MHz, CDCl3) δ (ppm): 
14.1 (CH3CH2CH2), 22.7 (CH3CH2CH2), 24.8 (C(CH3)), 27.7 (CH2CH2S), 29.0 
(CH2(CH2)2S), 29.1 (CH2(CH2)3S), 29.3 (CH2(CH2)4S), 29.4 (CH3(CH2)2CH2), 29.5 
(CH3(CH2)3CH2), 29.6 (CH3(CH2)4(CH2)2), 31.9 (CH3CH2CH2, CH2C(=O)NH), 34.5 
(CH2CH2C(=O)), 34.6 (NHCH2CH2), 37.1 (CH2CH2S), 41.2 (NHCH2CH2), 46.6 
((CH3)C(C≡N)), 119.2 (C(C≡N)), 115.5 (ArC-H(o-OH)), 115.7 (ArC-H(o-OH)), 120.8 (ArC-
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H(m-OH)), 130.7 (CH2-ArC), 142.9 (ArC-OH), 144.1 (ArC-OH), 171.4 (CH2C(=O)NH), 
217.2 (SC(=S)S). FTIR (cm-1): 3286 (overlap: υNH, amide & υOH, phenol), 2919 (υasCH2), 
2851(υsCH2), 2233 (υC≡N), 1640 and 1603 (υC=O, amide I & υC=C, aromatic), 1519 (υC-N 
& δNH, amide II), 1442, 1360, 1280, 1193, 1151, 1112 1065 (υC=S), 803 (υasS-C-S). 
RAFT Polymerization of Acrylamide: All polymerization experiments were performed at 
2M monomer concentration ([M]0 = 0.049 mol AM) in 24.5 mL DMSO/DMF (97:3, vol%) 
solvent (vol. of DMF is equivalent to 0.2[AM]0) and 70
oC under argon atmosphere. The DMF 
was added as an internal reference for the determination of conversion of monomer using 
subsequent NMR analysis. The initial CTA to initiator ratio ([CTA]0/[I]0= 5) and the initial 
monomer to CTA ratio ([M]0/[CTA]0 = 500) were held constant to ensure controlled 
polymerization. AM (3.554 g, 0.049 mol), ACVA (5.6 mg, 0.0196 mmol), 24.5 mL 
DMSO/DMF (97:3 vol%) solvent and the catechol-end RAFT agent (0.098 mmol each, 3a-c) 
were added to a 100-mL two-neck round-bottom flask equipped with a magnetic stirrer, and 
a reflux condenser was connected to one of its necks. The flask had its other neck sealed with 
a rubber septum through which its content was purged with argon for 20 min, before 
immersing the flask into an oil bath for temperature control as the experiment commenced.  
At predetermined intervals, 2 - 3 drops of samples were taken for monomer conversion 
analysis by 1H NMR while aliquot samples were quenched immediately in liquid nitrogen and 
then purified prior to GPC analysis. The polymer samples were purified by three cycles of 
precipitating in 20 times acetone and re-dissolving in deionized H2O before freeze-drying to 
obtain dried polymer. However, for NMR analysis of the structure of the synthesized polymer, 
further purification via dialysis (3500 MWCO) against distilled water was carried out. 
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In-Situ NMR Studies of RAFT Polymerization for CTA Transfer Coefficients: The CTA 
coefficients for each catechol end-group RAFT agent (Dopa-CTA (3a-c)) were estimated via 
in-situ NMR polymerization experiments ([AM]0:[CTA]0:[I]0 = 250:5:1; solvent = DMSO-
d6). These were performed in NMR tubes in which 0.6 mL of polymerization mixture was 
added, then degassed with Ar before inserting into the NMR instrument and heating to 70ºC. 
To allow for the determination of both CTA and monomer concentrations, DMF (≡ 0.2 
[AM]0) was added as an internal reference for the determination of conversion of AM and 
CTAs. 
Pre-treatment of γ-Al2O3 NP: Alumina NPs were pretreated by washing with acetone (twice) 
and immersed in piranha solution for 30 min (96.5% H2SO4 and 30.5% H2O2 (4:1 vol.)) to 
remove organic contaminants and to enhance the hydroxylation of the NP surface. Then, the 
NPs were extracted by washing with water and ethanol, and then vacuum dried. 
Preparation of γ-Al2O3-PAM Nanocomposite (Al-PAM): Following ultrasonication of the 
pretreated alumina NP cores (30 mg), a solution containing (5 mg/mL) of Dopa-PAM (Mn = 
26500, 42600, 53800 g/mol; synthesized from Dopa-CTA (3a)) was dispersed in 15 mL 
deionized water at 50oC for 24 hr. Then excessive polymer was removed via dissolution and 
centrifugation before freeze-drying to obtain the dried Al-PAM nanocomposites. For 
preparing the control Al-PAM sample, a similar procedure was employed except that the 
polymer used was a PAM synthesized with CTA (1a) (without catechol moiety, Mn = 29600 
g/mol). 
Characterization: 1D (1H and 13C) and 2D (gHSQC, gHMBC) NMR spectra were measured 
using either a Varian INOVA 600 or a Varian INOVA 400 spectrometer. gHSQC was 
recorded with multiplicity edited. CDCl3, D2O, or DMSO-d6 was used as the solvent and 
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chemical shifts were referenced to tetramethylsilane (TMS; 0.0 ppm). The AM concentration 
[AM] was determined based on the 1H NMR signals of the olefinic protons. ATR-FTIR 
spectra were recorded at a resolution of 6 cm-1 over 64 scans using a mid-IR spectrometer 
(Nicolet 6700) equipped with smart diamond ATR (attenuated total reflection). UV-Vis 
spectra were recorded on a Shimadzu UV-3600 (UV-Vis-NIR) Spectrophotometer equipped 
with two lamps (halogen and deuterium) and three detectors (photomultiplier tube, InGaAs 
and cooled PbS) at room temperature. Number-average molecular weight (Mn) and dispersity 
(Ɖ) of the synthesized PAM samples were measured by a Viscotek GPC Max VE 2001 gel 
permeation chromatography equipped with a triple detector array (TDA 302) including a 
refractive index detector (RI), a viscometer and two light scattering detectors (low angle and 
right angle, 670 nm).  0.10 M NaNO3/1.15 mM NaN3 aqueous solution was used as mobile 
phase at a flow rate of 0.7 mL/min. Two PolyAnalytik columns (A206: 20×106 Da, 130 Å) 
were employed to separate the samples at 35oC, which were calibrated by a polyethylene 
oxide (PEO, MW: 18600 Da, Ð: 1.03, α = 0.69, K = 3.7 x 10-4 dl/g) standard. The dn/dc value 
of PAM in the eluent was pre-determined to be 0.15 mL/g using a refractometer. The 
molecular weight averages and dispersities were calculated using OmniSEC software (Ver. 
4.5.6.268). The molecular weight (Mn) of catechol end-functionalized polyacrylamide 
samples was also determined based on end group analysis of the 1H NMR spectra of the 
sample. Thermal properties of the synthesized materials were evaluated via 
thermogravimetric analysis (TGA) on a SDT Q600, TA instruments by heating the materials 
from room temperature to 700oC at a heating rate of 10oC/min under air. A Malvern Zetasizer 
Nano S (Model: ZEN 1600) was used to characterize the particle size of the Al2O3-PAM 
nanocomposites based on dynamic light scattering (DLS). The Zetasizer Nano S was equipped 
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with a 633 nm He-NE laser source, and at a scattering angle of 173o. Prior to the particle size 
determination which was done in triplicate, the samples were prepared to a concentration of 
10 mg/L using distilled water as the dispersion medium (room temperature), and ultra-
sonicated for 5 – 10 min to obtain a well-dispersed suspension. 
2.3 Results & Discussion 
2.3.1 Synthesis and characteristics of catechol end group RAFT agents (Dopa-CTAs 
(3a-c)): Though the carboxyl group of the CTAs (1a-c, Scheme 2-1) could be employed as 
anchor, we chose the catechol moiety because of its ability to chelate various metal oxides 
(HfO2, ZrO2, MnO2, Y2O3, Al2O3, TiO2, Fe2O3),
21,37-39 comparatively better pH stability of its 
complexes,40 and the relatively mild procedure for its ligand exchange process.8,40,41 
Since the trithiocarbonate moiety of RAFT agents is known to decompose at elevated 
temperature,32 Dopa-CTAs (3a-c) were synthesized via amide linkages under mild conditions 
(Scheme 2-1).13,42 This approach involved initial coupling of carboxyl CTAs (1a-c) with a 
better leaving group (NHS) using EDC as the carboxyl activating agent before amidization. 
NHS esters allow efficient coupling with amines to yield amide bonds.42 The Dopa-CTAs 
((3a-c), termed Dopa-DDMAT, Dopa-DoPAT and Dopa-CDSPA respectively) were then 
prepared by reacting dopamine with NHS-activated esters of the carboxylic RAFT agents (2a-
c). The formed compounds (3a-c) were confirmed via 1D (1H and 13C) and 2D (gHSQC) 
NMR, ATR-FTIR, and UV-vis spectroscopy.  
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Figure 2-1: 1H NMR spectra of (bottom) dopamine hydrochloride, (1a) DDMAT, (2a) Suc-
DDMAT, and (3a) Dopa-DDMAT (600 MHz, @ 25oC). 
1H NMR spectra of dopamine hydrochloride, DDMAT (1a), Suc-DDMAT (2a), and Dopa-
DDMAT (3a) are compared in Fig. 1. The spectra show all the 1H peaks for the four 
compounds (dopamine HCl, (1a), (2a) and (3a)), except the weak broad carboxylic acid peak 
which is located at 10.73 ppm (for full spectra of DDMAT (1a), see Fig. B-1).  With DDMAT 
(1a) being converted into Suc-DDMAT (2a), this acid peak disappears while a new peak 29, 
attributed to succinimidyl protons, appears at 2.82 ppm. Further conversion of Suc-DDMAT 
(2a) into Dopa-DDMAT (3a) was evident by the absence of the peak 29 in the spectrum of 
Dopa-DDMAT (3a), and the presence of new peaks 17-19, 21, 22, and 25. The peak 17 is the 
characteristic signal for the secondary amide proton, while peaks 21, 22 and 25 are ascribed 
to the catechol moiety.13,40,43 It should be noted that the 1H peaks of phenol hydroxyl groups 
26 and 27 were absent when using CDCl3 as solvent but would show when using DMSO-d6 
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as solvent. 13C NMR spectra of dopamine HCl, DDMAT (1a), Suc-DDMAT (2a), and Dopa-
DDMAT (3a) are compared in Fig. B-2. The synthesized Dopa-DDMAT (3a) was confirmed 
by the shifting of the 13C carbonyl peak 16 and the presence of new 13C peaks 18 – 25 which 
are comparable to those of the dopamine HCl.  
All the correlation 1H/13C peaks for the synthesized Dopa-DDMAT (3a) are clearly shown in 
Fig B-3, confirming its peak assignments and molecular structure. Similarly, the conversions 
of (1b) to (2b) then (3b), (1c) to (2c) and (3c) were also confirmed by their 1H and 13C NMR 
spectra in supporting information (Figs. B-4 – B-7†. The synthesized Dopa-CTAs (3a-c) was 
also confirmed by ATR-FTIR investigation (Figs. B-8 – B-10). Considering the UV 
wavelength range 320 to 280 nm for qualitative analysis, the trithiocarbonate group on the 
Dopa-CTAs (3a-c) was confirmed by the presence of a strong absorption peak centred at 308-
310 nm13 while a shoulder peak at 292-294 nm reveals the chromophoric effect of the 3,4-
dihydroxyphenyl substituent (Figs. B-11 – B-13). 
2.3.2 Batch RAFT polymerization of the Dopa-CTAs: To investigate the influence of the 
Dopa-CTAs over the growth of catechol functionalized polyacrylamide (DPAM), RAFT 
polymerization of acrylamide was carried out with a ratio of [AM]0:[Dopa-CTA]0:[ACVA]0 
= 2500:5:1 at 70oC for each of the synthesized Dopa-CTAs (3a-c), with the results listed in 
Table 2-1.  
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Table 2-1: Batch RAFT Polymerization of acrylamide mediated with Dopa-CTAs 
Dopa-CTA (3) Time (min) Conv. (%) Mn, GPC Mn,Thea Mw Mw/Mn 
(3a) 
60 35.6 14800 13200 17600 1.19 
120 61.1 26200 22200 27300 1.04 
240 83.0 33700 30000 36100 1.07 
360 87.5 36300 31000 38900 1.07 
630 93.3 40700 33700 42700 1.05 
(3b) 
60 25.4 13900 9500 16800 1.21 
120 51.5 23800 18800 26100 1.10 
240 77.3 33100 28000 36500 1.10 
360 85.1 38000 30700 42900 1.13 
615 89.3 41000 32200 45700 1.12 
(3c) 
60 19.4 9400 7400 11300 1.21 
120 35.6 19600 13200 22100 1.13 
240 62.4 33300 22700 36800 1.10 
360 72.6 42400 26300 45900 1.08 
610 78.3 46300 28400 48500 1.05 
Reaction conditions: [AM]0:[Dopa-CTA]0:[ACVA]0 = 2500:5:1, solvent = 24.5 mL DMSO/DMF (97:3, vol%), 
Temp = 70oC, [AM]0 = 2M. 
aMn,the = AMMW × P × [AM]0/[Dopa-CTA]0 + [Dopa-CTA]MW (where P is AM conversion, P=1 - [AM]/[AM]0). 
Due to poor noise-to-catechol signal ratios as the DPAM Mw increases, the number-average 
Mw values via NMR analysis were only determined for 1hr DPAM samples and found to be 
comparable with GPC measurements (Table B-1). The RAFT process was restricted to 
approximately 10 hr, since the cumulative radical activity of ACVA in DMSO is known to 
drop drastically beyond 10 hr.26 As seen in Fig. 2-2a, the number-average molecular weights 
(Mn,GPC) of DPAMs (4a-c) synthesized using the three Dopa-CTAs (3a-c) increase with 
increasing conversion of monomer AM while the dispersities (Đ) are very low, ≤ 1.21, 
showing the characteristics of living/controlled polymerization. More so, increased molecular 
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weight was evidenced by the shift in the GPC DRI peaks toward shorter retention times (Fig. 
B-14).  
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Figure 2-2: RAFT Polymerization of acrylamide mediated with Dopa-CTAs (3a-c) using 
[M]0:[CTA]0:[I]0= 2500:5:1 ([M]0 = 2M), (a) evolution of molecular weight (Mn) and 
dispersity with conversion (the theoretical Mn is represented with broken line ---); and (b) 
pseudo-first order kinetics, where P is AM conversion, P =1-[AM]/[AM]0). 
Note: the theoretical Mn line slightly differs for each polymerization; however, the lines 
overlap due to the insignificant difference in the MW of the Dopa-CTAs (3a-c) 
Nonetheless, the number-average molecular weights (Mn,GPC) of the DPAM (4a-c) overshoot 
their predicted values (Mn,theo) with those of Dopa-CDSPA (4c) giving the highest overshoot 
(Fig. 2-2a). Similar overshoots have been observed in several studies involving 
polymerization of acrylamide-based monomers mediated with trithiocarbonate RAFT 
agents,26,32,44 with one of the plausible reasons for such discrepancy as explained by Thomas 
et al.23 being the limited extent of utilization of the Dopa-CTAs. 
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Scheme 2-2: RAFT equilibria showing R group radicals of the Dopa-CTAs (3). 
The pseudo first order kinetic plots for AM polymerization using the Dopa-CTAs shown in 
Figure 2-2b deviate from linearity, approaching a polynomial distribution, thereby suggestive 
of the rate of propagation having non-steady state behaviour. This non-linearity may be 
explained by the change in cumulative radical production from ACVA in DMSO at 70oC 
owing to its decay constant.26 Additional details on the cumulative radical production from 
ACVA in DMSO solvent as related to its decomposition rate constant at 70oC can be found 
in the literature.26 More so, as identified by Moad and Barner-Kowollik,25 the causes of non-
steady state polymerization during the RAFT process include changing rate coefficients with 
chain length, slow fragmentation of RAFT adduct and large disparity in radical addition rates 
with respect to monomer and CTA. Cognizant of these causes, we dislodged the effect of the 
latter two by monitoring the rate of propagation after the pre-equilibrium period (i.e after 1 
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hr, indicative of when the initial Dopa-CTAs had been completely consumed, Figure 2-2b) to 
address the steady state assumption of the propagating radicals [Pm·]. Overall, the Dopa-
DDMAT (3a) RAFT agent appears to have the most preferred living characteristics based on 
its comparatively lower Ð values, better linearity and lower extent of Mn overshoot (Fig. 2-
2). This is expected since the catechol R groups must be good homolytic leaving groups and 
be capable of re-initiation, with the ease of the former depending on the stability of their 
corresponding expelled radicals (catechol R group derived).24,45 The expelled radicals for both 
Dopa-DDMAT (3a) and Dopa-CDSPA (3c) are tertiary, that of Dopa-DDMAT (3a) is 
stabilized by two methyl groups and an electron donating carbonyl carbon of amide group, 
while the other (3c derived) is less stabilized owing to the electron withdrawing effect of the 
cyano group on its radical carbon centre (See Scheme 2-2). The expelled radical of Dopa-
DoPAT (3b) is a secondary radical stabilized by a methyl and an amide carbonyl. Steric 
effects of the catechol R groups were contributory to the stability of their corresponding 
expelled radicals.24 
2.3.3 In-situ NMR studies of the rate of polymerization:  Under ideal conditions, RAFT 
CTAs are not expected to impact the rate of propagation, but in reality, their influence is 
conjoined with competing reactions involving fragmentation of adduct intermediate (9), re-
initiation of expelled radicals (kiR) and subsequent propagation (kp) (see Scheme 2-2). Thus, 
to achieve cases similar to an ideal RAFT process, the condition kiR ≈ kp should be satisfied. 
To investigate this process, the in-situ NMR polymerization processes were examined. Figure 
2-3a shows the in-situ NMR kinetic plots for the polymerization of AM using (3a-c) at 
[M]0:[Dopa-CTA]0:[I]0 = 250:5:1. The lower [M]0:[Dopa-CTA]0 ratio was selected to allow 
for better monitoring of CTA concentration and the presence of any inhibition period (i.e. in-
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situ allowed us to monitor more closely the initial stages of polymerization). As evidenced in 
Fig. 2-3a, only the RAFT polymerization mediated with Dopa-CDSPA (3c) was observed to 
have an inhibition period (about 25 min). 
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Figure 2-3: In-situ 1H NMR polymerization of AM mediated with Dopa-CTAs 
([AM]0:[Dopa-CTA]0:[ACVA]0 =250:5:1, [AM]0 = 2M, temp = 70
oC): (a) Pseudo first order 
kinetic plots; and (b) Typical 1H NMR spectra for the AM polymerization with Dopa-
DDMAT (3a) (time intervals from bottom to top are 0, 28, 58, 88, 118, 148  178, 208, 238 
min). 
Based on comparison of the three Dopa-CTAs (3a-c) under similar experimental conditions, 
[AM]0:[Dopa-CTA]0 = 50, Dopa-DoPAT and Dopa-CDSPA (3b-c) gave a more rate retarded 
RAFT process. This rate retardation may be due to slow fragmentation of their intermediate 
radical equivalents (9) or lower kiR with respect to kp (Scheme 2-2). This reflects the relative 
stability of the corresponding expelled radicals of the Dopa-CTAs in decreasing order, Dopa-
DDMAT (3a) > Dopa-DoPAT (3b) > Dopa-CDSPA (3c). More interestingly, the Dopa-
DDMAT (3a), which provided the most ideal RAFT polymerizations among the three 
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prepared Dopa-CTAs, also provided faster kinetics compared to its carboxyl terminated R 
group equivalent (DDMAT (1a), Fig. 2-4). It should also be noted that the rate of consumption 
of AM in the RAFT polymerization mediated with Dopa-DDMAT (3a) was comparable with 
that of its free radical polymerization (without CTA), and the slight disparity at around 600 
min resulted from increased viscosity owing to very large MW of the polymer in the reaction 
mixture (Fig. 2-4). 
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Figure 2-4: Pseudo-first order kinetics for RAFT Polymerization of acrylamide mediated 
without CTA, and with DDMAT (1a) and Dopa-DDMAT (3a) CTAs using [M]0:[CTA]0:[I]0 
= 2500:5:1. 
Hence, it follows that with respect to leaving ability and re-initiation, Dopa-DDMAT (3a) 
offers considerable advantages over the other two Dopa-CTAs (3b-c) and its carboxyl 
terminated counterpart (1a). 
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2.3.4 Chain transfer coefficients of the catechol end-group CTAs with polymerization 
of acrylamide: As previously established, the rate of consumption of RAFT agents (6) 
depends on two chain transfer coefficients, Ctr and C-tr which give insights on the reactivity 
of the propagating radical (Pn·) and the leaving group radical (R·) respectively.30,46,47 
Generally, the transfer coefficients are defined in terms of the rate constants for radical and 
monomer addition (Ctr = ktr/kP and C-tr= k-tr/kiR), while the transfer constants ktr and k-tr are 
given by equations 2-1 & 2-2.46-48 
𝑘𝑡𝑟 =
𝑘𝛽
𝑘𝛽+𝑘−𝑎𝑑𝑑
𝑘𝑎𝑑𝑑 = ∅×𝑘𝑎𝑑𝑑                                 (2-1) 
𝑘−𝑡𝑟 =
𝑘−𝑎𝑑𝑑
𝑘𝛽+𝑘−𝑎𝑑𝑑
𝑘−𝛽 = (1 − ∅)×𝑘−𝛽                                          (2-2) 
where Ø is the partition coefficient, indicative of the fragmentation of the RAFT radical 
intermediate (7).  
The CTA transfer coefficients (Ctr and C-tr) offer a quantitative approach for ascertaining and 
comparing the effectiveness of RAFT agents.  In the literature, a few methods have been used 
for estimating transfer coefficients with most reporting apparent Ctr based on the assumption 
that k-β (or C-tr) is zero or negligible. Equation 2-3 is an expression for the rate of consumption 
of CTA with monomer in which the radical species have been eliminated via the steady state 
approximation.46 
𝑑[𝐶𝑇𝐴]
𝑑[𝐴𝑀]
≈ 𝐶𝑡𝑟
[𝐶𝑇𝐴]
[𝐴𝑀]+𝐶𝑡𝑟[𝐶𝑇𝐴]+𝐶−𝑡𝑟[𝑚𝑎𝑐𝑟𝑜𝐶𝑇𝐴]
      (2-3) 
Assuming C-tr values for the three Dopa-CTAs to be zero, eq 2-3 can be reduced to eq 2-4
25,38  
𝑑[𝐶𝑇𝐴]
𝑑[𝐴𝑀]
≈ 𝐶𝑡𝑟
[𝐶𝑇𝐴]
[𝐴𝑀]+𝐶𝑡𝑟[𝐶𝑇𝐴])
                                                               (2-4) 
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Equation 2-4 was solved via numerical analysis using the concentration data ([CTA], [AM]) 
obtained from the in-situ NMR polymerization spectra for the three Dopa-CTAs (Fig. 2-5).  
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Figure 2-5: Selected stacked 1H-NMR spectra for RAFT polymerization of acrylamide at 
70oC in DMSO-d6 using Dopa-DDMAT. The time intervals from bottom to top are 0.0, 2.5, 
3.0, 3.5, 6.0, 8.5 min. 
The 1H NMR resonances from the in-situ NMR data associated with methine or methyl 
proton(s) around 1.56, 4.65 and 1.81 ppm were used for estimating the concentrations of 
Dopa-DDMAT, Dopa-DOPAT and Dopa-CDSPA respectively, while the AM concentration 
[AM] was based on the 1H NMR signals of the olefinic protons. From this analysis, apparent 
Ctr values were calculated to be 21.2, 11.6 and 8.4 for Dopa-DDMAT (3a), Dopa-DoPAT 
(3b) and Dopa-CDSPA (3c) respectively with a [M]0:[CTA]0:[I]0 = 250:5:1 at  70
oC, where 
the initial AM concentration ([M]0) = 2M (See Figs. B-15 – B-16 for other DopaCTA's). These 
Ctr
app values are consistent with previous established findings that transfer co-efficient 
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increases with radical stability. A Ctr value > 2 usually results in narrowed Ð, whereas for 
livingness characteristics, it should be > 10.30,48   However, our calculated results are apparent 
Ctr values, which are known to underestimate the actual Ctr values.
30,46 This underestimation 
is based on negligible reverse reaction between expelled radicals and macroCTAs and/or 
negligible fragmentation of RAFT adduct radical to yield starting species.  
2.3.5 Alumina-PAM nanocomposite: The synthesized DPAM (4a) prepared via RAFT 
polymerization ([AM]0:[Dopa-CTA]0:[ACVA]0 = 2500:5:1 at 70
oC; duration = 35 min) was 
characterized with 1D (1H and 13C) and 2D (gHSQC, gHMBC) NMR. For the 1D NMR 
spectra, see Figs. B-17 & B-18. As shown in Fig. 2-6 (gHSQC and gHMBC spectra), all the 
correlation 1H/13C peaks confirm the peak assignments and the molecular structure of the 
synthesized DPAM (4a). In addition to the major peaks (14, 16, and 17) of the repeating unit 
of polyacrylamide, a few minor peaks are present in the spectra of DPAM (4a). Peaks 1-12 
suggest the presence of the Z' group (CH3-(CH2)11-) while peaks 19, 22-23, 25-26, and 29 
indicate the presence of the corresponding R group. The aromatic peaks 25, 26, and 29 
confirm the catechol moiety in the synthesized DPAM. It should be noted that the peak of 
trithiocarbonate carbon (13) is hardly seen in the 13C and gHMBC spectra in spite of an 
extremely weak peak at 205 ppm which might be attributed to it.  
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Figure 2-6: 2D (a) HSQC and (b) HMBC spectra of the synthesized DPAM (4a) in D2O@ 
25oC. Mn,NMR of DPAM = 9313 g/mol.  
*this proton is on the equivalent neighbouring carbon 
Moreover, although there is no correlation 1H/13C peak of carbon 3 of the Z' group in the 2D 
NMR spectra, this carbon peak is clearly seen in the 13C NMR spectrum at 31.9 ppm (Fig. B-
18). With dopamine group being chemically attached to the end of polyacrylamide chains, it 
was expected that the catechol moiety could induce chemisorption of the polymer onto the γ-
Al2O3 NP via covalent bonding or coordination (mono- or bi-dentate bond).
12,22 The catechol 
group acts as the adhesive moiety for mediating the nanocomposites formation via the 
"grafting to" approach. The DPAM (4a) was selected for anchoring to the pre-treated γ-Al2O3, 
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since Dopa-DDMAT (3a) appeared to be the most preferred CTAs for mediating AM 
polymerization based on the estimated Ctr
app and the polymerization experiments. Fig. 2-7 
shows the ATR-FTIR spectrum of the dried γ-Al2O3-PAM PNC after extensive washing, 
compared with those of the piranha-treated alumina and DPAM (4a).  
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Figure 2-7: ATR-FTIR spectra of piranha-treated alumina (Pir-Al2O3), Al2O3-PAM (5a) and 
DPAM (4a). 
While there is no significant peak in the spectrum of the piranha-treated γ-Al2O3 in the range 
of 1000-3500 cm-1, the synthesized DPAM (4a) shows strong amide peaks at 3334 
(asymmetric N-H stretching), 3188 (symmetric N-H stretching), 1652 (amide I C=O 
stretching), and 1606 cm-1 (amide II N-H deformation and C-N stretching) in addition to three 
minor peaks at 2930, 1447, and 1414 cm-1 due to the C-H stretching, CH2 bending, and C-N 
stretching vibrations, respectively.49 The presence of these amide and C-H peaks in the 
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spectrum of the synthesized Al2O3-PAM PNC indicates successful attachment of the DPAM 
to the Al2O3 NPs. 
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Figure 2-8: Piranha-treated alumina and alumina-PAM (5a): (a) thermo-gravimetric analysis, 
and (b) dynamic light scattering analysis. *γ-Al2O3 chemisorbed with PAM (without catechol 
moiety, Mn,GPC = 29600 Da) 
The attachment of DPAM on the surface of γ-Al2O3 NPs was also confirmed by TGA and 
DLS. Fig. 2-8a compares the weight loss versus temperature for piranha-treated Al2O3 NPs 
and Al2O3-PAM nanocomposites prepared using DPAM of different molecular weights and 
PAM (without catechol moiety, Mn,GPC = 29600 Da) as a control. While the piranha-treated 
Al2O3 lost 1.7% of weight when being heated to 700 
oC, the control sample lost 5.7% of 
weight, indicating 4% of physically absorbed PAM. The Al2O3-PAM nanocomposites 
prepared using DPAM of different molecular weights (Mn = 26200, 33700, and 40700 Da) 
demonstrated significantly high weight losses of 23.0%, 58.9%, and 73.8%, respectively.  The 
higher sensitivity in TGA weight loss with increased MW may be due to the shorter polymer 
chains having enhanced interactions with the alumina NPs. The hydrodynamic size of the 
PNCs was assessed using the Z-average hydrodynamic diameter (Dh) instead of average Dh. 
The Z-average value which is based on cummulant method was used as a criterion for 
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comparison because it is numerically stable and less sensitive to noise compared to average 
Dh.
50 The Z-average Dh values for Pir-Al2O3, Al2O3-PAM (26200 Da), Al2O3-PAM (33700 
Da) and Al2O3-PAM (40700 Da) were measured to be 165.8, 216.5 233.6 and 251.5 nm, 
respectively, with each having a width parameter ≤ 0.3 (Fig. 2-8b). Comparison of the 
hydrodynamic size and PDI (=(σ/d)2) of the Al2O3-PAM PNCs with the bare Pir-Al2O3 is 
indicative of good dispersivity of the PNC in water (where, σ = standard deviation, d = average 
diameter). As expected, the Z-ave size of the Al2O3-PAM increased with the length of the 
polymer chains.  
This study indicates that the catechol end-group CTAs provide a suitable route for end-
functionalization of PAM for post-modification chemistry. Furthermore, RAFT agents with 
R groups bearing catechol polar ends provide good stability for controlled polymerization. 
2.4 Conclusions 
In order to produce stable tethering to metal oxide nanoparticles, three novel catechol end 
trithiocarbonate CTAs (Dopa-CTAs) which differ in their carbonyl α-substituents were 
synthesized and their molecular structures were confirmed by NMR, UV-Vis and ATR-FTIR. 
Their apparent chain transfer coefficients with respect to acrylamide monomer in DMSO 
solvent were estimated based on the rate of consumption of CTA with monomer to be 21.2, 
11.6 and 8.4 for Dopa-DDMAT, Dopa-DoPAT and Dopa-CDSPA respectively at a 
[monomer]0:[CTA]0:[initiator]0 = 250:5:1. Based on the estimated chain transfer coefficients 
and kinetic studies, Dopa-DDMAT was found to be the most preferred CTA for mediating 
AM polymerization. The Dopa-CTAs were all found to mediate homo-polymerization of 
acrylamide in a controlled and quantitative fashion, and the Dopa-DDMAT was found to be 
the most preferred based on the livingness characteristics and its structural constituents. As 
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evident from the binding studies with γ-Al2O3 NPs, catechol end-group CTAs provide a 
suitable route for end-functionalization of PAM to allow post-modification chemistry aimed 
at synthesizing PNCs.  
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Chapter 3 Designing Catechol-End Functionalized 
Poly(DMAm-co-NIPAM) by RAFT with Tunable 
LCSTs  
Abstract 
 
 
 
Providing catechol-end functionality to controlled structure lower critical solution 
temperature (LCST) copolymers is attractive, given the versatility of catechol chemistry for 
tethering to nanostructures. Controlled polymer chain lengths with catechol RAFT end groups 
are of interest to provide tunable LCST behavior to nanoparticles, although these 
polymerizations are relatively unexplored. Herein, the reactivity ratios for the RAFT 
copolymerization of N,N-dimethylacrylamide (DMAm) and N-isopropylacrylamide 
(NIPAM) pairs based on catechol-end RAFT agents using an in-situ NMR technique were 
first determined. Several catechol-end poly(DMAm-co-NIPAM) samples were then prepared 
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using the RAFT agent to provide copolymer. The reactivity ratios for the DMAm-NIPAM 
pair were rDMAm = 1.28 – 1.31 and rNIPAM = 0.48 – 0.51. All the poly(DMAm-co-NIPAM) 
samples were found to have Mn values ≤ 26 KDa and Ð < 1.08 with LCST values ranging 
from 31 to 92 oC, while maintaining a short range of glass transition temperature (Tg =118 – 
137 oC). The difference in LCST values for the catechol functionalized poly(DMAm-co-
NIPAM) based on 0.5 wt % aqueous buffered solutions at pH 5.5 and 8.5 was found to be < 
3.0oC. These conditions are suitable for subsequent catechol-induced coordination and 
nucleophilic addition chemistry for covalent and non-covalent linkages during subsequent 
post-modification.  
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3.1 Introduction  
End-functionalization of stimuli-responsive (co)polymers is of considerable interest for 
designing new smart materials with enhanced properties. These smart materials include those 
with surface modification, grafting-onto approaches and bioconjugation which have found 
applications in alcohol detection,1 biomedicine,2,3 and controlled drug delivery.4-6  In 
particular, thermoresponsive (co)polymers with end functionalities have been evaluated for 
tunable lower critical solution temperatures (LCST) in aqueous media by adjusting the 
hydrophilic-hydrophobic ratio of their polymeric chains.7,8 One method for raising the LCST 
is by copolymerizing N-isopropylacrylamide (NIPAM) with hydrophilic monomers: N-(2-
hydroxypropyl) methacrylamide,9 4-((2-carboxyallyl)oxy)benzoic acid,10 N-
vinylcaprolactam,11 and propylacrylic acid.12 Nevertheless, conditions for the post-
polymerization modification of chain-end functionalities have been known to affect the 
intrinsic characteristics of the new smart materials.13 
Catechol has been shown to have great utility, given its versatile chemistry. Catechol 
functionalized LCST polymers allow one to control the LCST characteristics of their 
nanocomposites though postpolymerization attachment to NPs via catechol-induced 
linkages.13,14 Catechol can participate in several reactions resulting in covalent or noncovalent 
interactions, which are either reversible or irreversible.15 Catechols chelate with metal or 
metal oxides to form complexes whose stoichiometry depends on pH.15,16 Catechol’s oxidized 
form, o-quinones, which is usually obtained via chemical or enzymatic actions at varying pH, 
readily undergo nucleophilic attack with amines or thiols.17 Given the versatility with varying 
pH, it is important to examine the thermoresponsive behavior of catechol-end functionalized 
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LCST polymers under acidic and alkaline conditions for insights into suitable modification 
routes or intended applications.  
In order to produce well controlled copolymers with narrow dispersity, RAFT 
copolymerization provides a potential route towards the synthesis of catechol end-
functionalized polymers with tunable and precise LCST characteristics. The use of RAFT 
agents bearing catechol-end R groups for radical polymerizations will enable the final 
copolymer to be end-functionalized with the catechol moiety. However, statistical RAFT 
copolymerization is usually impacted with compositional drift owing to the consumption of 
one monomer over the other due to dissimilarity in reactivity ratios.18,19  To design copolymer 
structures with desired LCST values under random copolymerization systems, the reactivity 
ratios of the system needs to be obtained for information on sequence distributions within the 
structure.  Reactivity ratios for a copolymer system also provide insight on the most 
appropriate feeding method, as well as polymerization kinetics. Determination of reactivity 
ratios using in-situ NMR via non-linear least square analysis was found to provide more 
reliable results compared to conventional methods which required the isolation of copolymer 
samples.20 This is because the in-situ methods better depict instantaneously formed 
copolymers by avoiding termination periods, also errors associated with inappropriate 
fractioning of copolymer samples caused by improper purification are eluded. 
Herein, we first attempted to estimate the reactivity ratios of DMAm-NIPAM pairs based on 
catechol-end trithiocarbonate RAFT agents using in-situ NMR. Secondly, poly(DMAm-co-
NIPAM) samples were RAFT synthesized under batch mode and subsequently investigated 
for their LCST characteristics under varying pH conditions. Though this concept was applied 
to a DMAm-NIPAM copolymer system, we surmise that it can be extended to other tunable 
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LCST copolymer systems. NIPAM was chosen because it is one of the most common LCST 
monomers and less sensitive to other external stimuli.21 Whereas DMAm, because of its 
structural similarity to NIPAM, hydrophilicity and suitability for changing the hydrophilic-
hydrophobic ratio. 
3.2 Experimental Section  
Materials: Deuterated dimethyl sulphoxide (DMSO-d6, 99%, Cambridge Isotope Lab.), 
1,3,5-Trioxane (99%, Aldrich) and butylated hydroxytoluene (BHT, ≥ 99% Aldrich) were 
used as received. Hexanes, methanol (99.9%), tetrahydrofuran (≥ 99.9%) and diethyl ether (≥ 
98%) were purchased from the Caledon Lab. Acetic acid (≥ 99.7%), sodium acetate (NaAc, 
99%) and tris(hydroxymethyl)aminoethane (TRIS, ≥ 99.8%) were obtained from Sigma 
Aldrich. N-Isopropylacrylamide (NIPAM, 97%, Aldrich) and 4,4’-Azobis(4-cyanovaleric 
acid) (ACVA, ≥ 98%, Aldrich)  were recrystallized thrice in hexane and methanol respectively 
and stored at -20oC prior to their usage. N,N-Dimethylacrylamide (DMAm, 99%, Aldrich) 
was passed through a previously washed prepacked column of inhibitor removers (Aldrich) 
and stored under argon at -20oC until use. Dopa-DDMAT and Dopa-DoPAT (Dopa-CTAs) 
were synthesized as described elsewhere.14 The in-situ RAFT copolymerization experiments 
were conducted in a Wilmad® low pressure/vacuum (LPV) NMR tube purchased from Sigma 
Aldrich. 
In-situ NMR RAFT copolymerization:  This procedure was carried out in a LPV NMR tube 
filled with NIPAM and DMAm as comonomers using different initial feed ratios (see Table 
S1), Dopa-DoPAT or Dopa-DDMAT as RAFT agent, ACVA as initiator, 1,3,5-trioxane as 
internal reference and DMSO-d6  
 as solvent. In a typical sample preparation, NIPAM (104 µl, 
1.00 mmol), DMAm (38.9 mg, 0.33 mmol), Dopa-DoPAT (27.1 mg, 0.05 mmol), ACVA (2.9 
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mg, 0.01 mmol), 1,3,5-trioxane (5.9 mg, 0.065 mmol) and DMSO-d6 (0.595 g) were prepared 
in a 3 mL borosilicate glass vial and transferred into the LPV tube which was then subjected 
to three freeze-pump-thaw cycles and backfilled with argon. 1H-NMR spectra were recorded 
over a 600 MHz Varian Inova spectrometer. Each polymerization sample was first inserted 
into the NMR magnet at 25oC, auto-shimmed and a spectrum collected over 4 scans with 25 
s relaxation delay (d1) to serve as a reference. The sample was then removed; and the magnet 
temperature raised and stabilized at 65oC. This was followed by the reinsertion of the 
copolymerization sample, auto-shimming and collection of spectra (1 scan, d1 = 25 s, pulse 
angle 45o, duration = 37 s) every 5 min over a 2 hr period, with the first spectrum acquired 5 
min upon re-insertion. The spectra were then analyzed with ACD/NMR Processor (ver. 12.01) 
to determine concentration profiles relative to the trioxane peak (δ: 5.12 ppm). The 
concentration of DMAm was determined by averaging the integral of the vinyl protons at 5.60 
– 5.63 ppm and 6.71 - 6.76 ppm; and for NIPAM, at 5.50 – 5.53 ppm and 6.18 - 6.23 ppm. 
Batch RAFT copolymerization of DMAm and NIPAM: Different ratios of DMAm to 
NIPAM (Table S2) were measured each into a 15 mL two-necked round-bottomed flask 
equipped with serum stopper followed by the addition of Dopa-DDMAT (41 mg, 0.075 
mmol), 1,3,5-trioxane (15 mg, 0.16 mmol), ACVA (4.3 mg, 0.015 mmol) and DMSO (5 mL). 
After which, the reaction mixture was purged with argon for 15 min before heating in an oil 
bath at 65oC. Aliquot samples (1 mL) were then taken at predetermined intervals, quenched 
with liquid nitrogen and prepared for GPC and NMR analysis. For the determination of 
monomer conversion, a drop of the aliquot was taken directly for NMR analysis, while the 
remaining polymer samples were purified by adding 1 – 2 mL THF to each aliquot and then 
precipitating in 30 times diethyl ether (vol. basis). The polymer samples were further purified 
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via three cycles dissolution in THF and precipitation in diethyl ether, before vacuum-drying 
at room temp to obtain the final products. 1H NMR (CDCl3, 400 MHz) δ (ppm): 0.87 (CH3-
(CH2)11), 1.00-1.40 (NIPAM C(=O)NH-CH(CH3)2, end NH-C(=O)-C(CH3)2, CH3-(CH2)8-
(CH2)3), 1.43-1.96 (backbone CH-CH2, CH3-(CH2)8-(CH2)2-CH2), 2.20-2.80 (NIPAM 
backbone CH2-CH-CH2, end C6H3-CH2), 2.80-3.20 (DMAm N(CH3)2, DMAm backbone 
CH2-CH-CH2), 3.33 (CH3-(CH2)10-CH2), 3.47 (end C6H3- CH2CH2), 3.98 (NIPAM NH-
CH(CH3)2), 6.50-6.90 (Ar C6H3),5.80-8.00 (br., NH). 
The same procedure was used for catechol-functionalized pNIPAM, however no DMAm was 
added. 
Analysis and Instrumentation: 1H-NMR spectra for monomer conversion and mole 
fractions of each monomer in the copolymers were recorded on a Varian Mercury VX 400 
spectrometer using DMSO-d6 as the solvent relative to tetramethylsilane (TMS, 0.0 ppm). 
13C-NMR spectra were run on a Varian INOVA 400 spectrometer with CDCl3 as the solvent 
relative to TMS. While, the in-situ 1H-NMR polymerization experiments were performed on 
a Varian INOVA 600 spectrometer as previously described.  
Molecular weights (Mn) and dispersity values (Ɖ) of the synthesized poly(DMAm-co-
NIPAM) samples were measured by an Agilent PL-GPC 220 gel permeation chromatography 
equipped with a triple detector array: a refractive index detector, a bridge viscometer (PL-BV 
400HT), and two light scattering detectors (low angle (19o) and right angle, 658 nm).  THF 
solvent stabilized with BHT (250 ppm) was used as the mobile phase at a flow rate of 1.0 
mL/min. Three Agilent PLgel 10 µm Mixed-B (300 x 7.5 mm) columns were employed to 
separate the samples at 30oC, which were calibrated using a polystyrene standard (MW: 205 
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KDa, Ɖ: 1.05). The dn/dc values of samples in the eluent were determined using the 
expression:22  
(
𝑑𝑛
𝑑𝑐
)
𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟,𝑖
= 𝑤𝐷𝑀𝐴𝑚,𝑖 (
𝑑𝑛
𝑑𝑐
)
𝐷𝑀𝐴𝑚
+ 𝑤𝑁𝐼𝑃𝐴𝑀,𝑖 (
𝑑𝑛
𝑑𝑐
)
𝑁𝐼𝑃𝐴𝑀
    (3-1), 
where (dn/dc)DMAm and (dn/dc)NIPAM = 0.0670 and 0.0886 respectively
23 and wi is the weight 
fraction of the corresponding monomer determined by 1H-NMR. 
The cloud point temperatures of the (co)polymer solutions (0.5% wt., each in water and 
buffered solutions) were determined by monitoring transmittance at 670 nm as a function of 
temperature using a Shidmadzu UV-3600 spectrophotometer equipped with 
refrigerator/heating circulator (Julalbo F12). A TA Instruments DSC Q200 was used for 
measuring the glass transition temperature of the poly(DMAm-co-NIPAM) samples via a 
heating-cooling-reheating cycle (heating rate = 10oC/min, cooling rate = 5oC/min) to ensure 
the removal of any prior thermal history. 
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Scheme 3-1: RAFT Polymerization of DMAm and NIPAM mediated with catechol-end chain 
transfer agents (DopaCTAs: Dopa-DDMAT and Dopa-DoPAT) 
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3.3 Results and Discussion 
As shown in scheme 3-1, RAFT copolymerization of DMAm and NIPAM mediated with 
catechol-end chain transfer agents were examined in this work. Reactivity ratios determine 
the sequence distribution within a copolymer structure, which in turn affects the LCST 
behaviour of the copolymer. Hence, the reactivity ratios were firstly determined via in-situ 
NMR polymerization. Afterwards, RAFT synthesis of the stimulus responsive copolymers 
was carried out under batch-scale with subsequent investigation of the Tg’s then LCST 
behavior of the copolymer materials in response to the pH conditions for the auto-oxidation 
of their catechol-end functionality. 
3.3.1 Determination of reactivity ratios: this ratio gives quantitative information on the 
propensity of an active center to react with either of the monomers; and when using terminal 
models, it is assumed to depend on the terminal monomeric unit. The reactivity ratios for the 
copolymerization were determined using Aguilar’s method (equations C-1 – C-2, terminal 
model) based on the in-situ 1H-NMR experiments20,24 (Fig. 3-1) and solved via a non-linear 
least square regression method using [DMAm] and [NIPAM] as variables.  Notably, the 
NIPAM amide proton underwent a downward shift from 7.98 ppm to 7.77 pm owing to its 
increased mobility at elevated temperature compared to the reference spectra (t = 0 min at 
25oC).25,26 
Detailed information on how the instantaneous concentrations of the monomers were 
determined from the 1H-NMR spectra can be found in the supplementary information. An 
optimization approach using three parameters (rNIPAM, rDMAm, k (eq. C-2)) was adopted for the 
nonlinear fitting. Three different initial co-monomer feed ratios ([DMAm]0:[NIPAM]0 = 
75:25, 50:50 and 25:75) were used for determining the reactivity ratios for each Dopa-CTA 
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mediated polymerization to avoid any discrepancies associated with a short range of feed 
composition (Figs. 3-2a). The [DMAm]/[NIPAM] and [NIPAM] data from the three initial 
co-monomer feeds for each Dopa-CTA were combined using shift factors (Table C-3) to 
obtain a combined data that was fitted to determine the reactivity ratios (Fig. 3-2b). Shift 
factors (p1 and p2) are numerical values that allow one to join the dataset from each feed ratio 
in-situ experiment into a combined dataset. For instance, in the DopaDDMAT experiment, p1 
was obtained as [NIPAM]model2/[NIPAM]model1 = 18.89 at the common [DMAm]/[NIPAM] 
ratio = 0.30 (see the broken red line in Fig 2), whereas p2 as p1[NIPAM]model3/[NIPAM]model2 
= 174.33 at the common [DMAm]/[NIPAM] ratio = 0.83, where [NIPAM]model1, 
[NIPAM]model2 and [NIPAM]model3 are the fitted concentrations of NIPAM for the 75:25, 50:50 
and 25:75 in situ NMR experiments respectively. Following these, the data from 
[DMAm]0:[NIPAM]0 = 50:50 and 25:75 experiments were multiplied by 1/p1 and 1/p2 
respectively, combined with the 75:25 data and then subjected to non-linear fitting using eqs 
C-1 & C-2 . The non-linear fittings for the DopaDoPAT-mediated in-situ NMR RAFT 
copolymerization can be found in the supporting information (Fig. C-1). 
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Figure 3-1: Typical in-situ 1H-NMR spectra for RAFT copolymerization of DMAm and 
NIPAM mediated with Dopa-DDMAT ([M]T,0:[DopaCTA]0:[ACVA]0 = 133:5:1 where 
[M]T,0 = [DMAM]0 + [NIPAM]0 = 1.33 mmol, [DMAm]0:[NIPAM]0 = 50:50, temp = 65
oC, 
solvent = DMSO-d6 (0.595 g)) 
Under the in-situ NMR RAFT copolymerization conditions ([M]T,0:[Dopa-CTA]0:[I]0 = 
133:5:1, where [M]T,0 = [DMAm]0 + [NIPAM]0), the reactivity ratios obtained were  rDMAm = 
1.28,  rNIPAM = 0.46 and rDMAm = 1.31,  rNIPAM = 0.50 for the Dopa-DoPAT and Dopa-DDMAT 
mediated processes respectively. There exists a good agreement between the results from the 
two Dopa-CTAs; and with rDMAm > 1 and rNIPAM < 1, the N,N-dimethylacrylamide monomer 
showed comparatively more propensity to homo-propagate. Probability derivations under the 
terminal model shows that the copolymer equations for RAFT techniques and conventional 
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radical copolymerization are the same;19 so in theory, the reactivity ratios should not be 
affected by the presence of the RAFT agent. 
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Figure 3-2: Variation of [NIPAM] with [DMAm]/[NIPAM] ratio during in-situ 1H-NMR 
RAFT copolymerization mediated with Dopa-DDMAT: a) based on individual initial co-
monomer feed ratios, and b) based on the combined data obtained with the shifting factors. 
([M]T,0:[Dopa-CTAs]0:[I]0 = 80:3.0:0.6, [M]T,0 = [DMAm]0 + [NIPAM]0, polymerization 
temp = 65oC, [I] = ACVA) 
However, several discrepancies have been found in the literature with respect to the impact 
of the presence on RAFT agents during radical polymerization.27 Plausible explanations for 
the discrepancies include:19 1) changes in individual rate parameters owing to the polarity of 
RAFT agents in reaction micro-environments; and 2) relative monomer concentration in the 
microenvironment as influenced by the RAFT agent (bootstrap effect). Given the structural 
similarity in the Dopa-CTAs employed in light of the above explanation and the obtained 
values for reactivity ratios, we surmise that there is no significant difference in the reactivity 
ratios obtained via the two Dopa-CTAs mediated copolymerization. It is worth noting that the 
reactivity ratios obtained in this study are different from those from Bauri et al.,28 who 
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employed a different RAFT technique for the DMAm-NIPAM copolymer system and found 
rDMAm and rNIPAM to be 1.105 and 0.838 respectively using an extended Kelen-Tudos method 
at high conversion. This disparity can be explained by the accuracy and reliability of the 
techniques used in determining the reactivity ratios. Their study determined rNIPAM and rDMAm 
using a linear least square method (extended Kelen-Tudos) for analyzing data obtained from 
batch experiments at high monomer conversions; whereas this study was based on in situ 1H-
NMR data fitted via a nonlinear least square approach. The in situ 1H-NMR technique will 
provide better representation of the instantaneous monomers’ concentrations,20,24 while the 
nonlinear least square method is widely accepted as the most reliable method for determining 
reactivity ratios.29 Besides, the defining sequence of the copolymers as ideal with a tendency 
towards a pattern (rDMAm x rNIPAM = 0.59 – 0.66), an expected implication is a compositional 
drift with tails richer in NIPAM units after much of the other monomer is consumed.  
Figure 3-3 shows the instantaneous copolymer composition of the poly(DMAm-co-NIPAM) 
for each short range of feed compositions based on the estimated corresponding reactivity 
ratios using the Mayo-Lewis equation. Concomitantly, this supports the compositional drift 
towards copolymers richer in DMAm units compared to their corresponding initial feed co-
monomer ratios. The overall compositional diagram for the RAFT copolymerization 
processes mediated with Dopa-DoPAT and Dopa-DDMAT based on the combined data can 
be found in the supplementary information as Fig C-3. 
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Figure 3-3: Short-range compositional diagram for DMAm and NIPAM RAFT 
copolymerization based on (a) Dopa-DoPAT, and b) Dopa-DDMAT. The solid black line 
represents fDMAm = FDMAm *Estimated based on the Mayo-Lewis equation using the 
determined rDMAm and rNIPAM values from each individual short composition range 
([DMAm]0:[NIPAM]0 = 75:25, 50:50 and 25:50) 
3.3.2 RAFT copolymerization of DMAm and NIPAM in batch mode: Given the 
similarity in the reactivity ratios under both Dopa-DDMAT- and Dopa-DoPAT-mediated 
copolymerizations, we proceeded to make copolymer samples with potentially different 
LCST characteristics using the Dopa-DDMAT only as the RAFT agent via batch 
polymerization. 
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Table 3-1: Conversion, number average molar mass and dispersity for batch RAFT 
copolymerization of DMAm and NIPAM in DMSO solventa 
ID fDMAm:fNIPAM 
Time 
(min) 
DMAm 
(% Conv) 
NIPAM 
(% Conv) 
Formulab 
Mn,THE 
(g/mol)c 
Mn,NMR 
(g/mol)b 
Mn,GPC 
(g/mol) 
Ð 
1 25:75 60 85 67 P(DMAm39-co-NIPAM99) 16100 15600 20600 1.01 
2 25:75 120 94 85 P(DMAm43-co-NIPAM110) 19600 17200 22100 1.01 
3 25:75 180 97 90 P(DMAm46-co-NIPAM123) 20600 19000 23900 1.01 
4 25:75 240 99 93 P(DMAm46-co-NIPAM146) 21200 21600 25200 1.02 
5 50:50 60 70 53 P(DMAm116-co-NIPAM93) 13500 22500 23300 1.02 
6 50:50 120 94 83 P(DMAm125-co-NIPAM105) 19200 24800 25500 1.01 
7 50:50 180 97 90 P(DMAm130-co-NIPAM109) 20300 25700 26000 1.00 
8 75:25 60 29 23 P(DMAm76-co-NIPAM20) 6100 10300 9900 1.03 
9 75:25 120 78 63 P(DMAm137-co-NIPAM39) 15700 18500 19000 1.02 
10 75:25 180 89 77 P(DMAm164-co-NIPAM42) 18100 21500 20800 1.02 
11 75:25 240 93 86 P(DMAm174-co-NIPAM45) 19200 22800 21900 1.07 
aEach polymerization was conducted in a 5 mL DMSO solvent using a [M]T,0:[Dopa-DDMAT]0:[ACVA]0 = 1000:5:1 with 
[ACVA]0 =0.015 mmol  at 65oC (where [M]T,0 = [NIPAM]0 + [DMAm]0). 
b
The formula and Mn,NMR were determined solely based on the 1H-NMR spectra of the copolymer samples using the peak 
0.87 (CH3-(CH2)11) as reference relative to peaks 3.98 (NIPAM CH(CH3)2) and 2.20 – 3.20 (NIPAM backbone CH2-CH-
CH2, end C6H3-CH2, DMAm N(CH3)2 and DMAm backbone CH2-CH-CH2). 
𝑀𝑐 𝑛,𝑡ℎ𝑀𝑛,𝑡ℎ = (
[𝐷𝑀𝐴𝑚]0
[𝐷𝑜𝑝𝑎𝐷𝐷𝑀𝐴𝑇]0
×99.13×𝐶𝑜𝑛𝑣𝐷𝑀𝐴𝑚) + (
[𝑁𝐼𝑃𝐴𝑀]0
[𝐷𝑜𝑝𝑎𝐷𝐷𝑀𝐴𝑇]0
×113.16×𝐶𝑜𝑛𝑣𝑁𝐼𝑃𝐴𝑀) + 𝑀𝑊𝐷𝑜𝑝𝑎𝐷𝐷𝑀𝐴𝑇  
Table 3-1 summarizes the examined polymerization conditions and resulting monomer 
conversions, Mn values and molecular weight distribution of the synthesized copolymers.  We 
adopted polymerization conditions ([ACVA]0 = 0.003 M, [M]T,0:[Dopa-DDMAT]0:[ACVA]0 
= 1000:5:1, temp = 65oC in DMSO solvent) that resulted in relatively high monomer 
conversions within the first 1 hr (individual conv. > 50%, except for entry 8, Table 3-1).  In 
all cases, the dispersity values for the synthesized poly(DMAm-co-NIPAM) samples were ≤ 
1.07, and the experimental molecular weight averages were found to be higher than expected. 
Though there exists discrepancies between the measured Mn values of the copolymer samples 
(entries 1, 5, 6, 7 and 8) compared to the theoretical values, their Mn,GPC and Mn,NMR values 
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are comparable. Thus, the discrepancy is likely a consequence of the purification step which 
may have removed some of the lower molecular weight fraction, leaving a higher component 
of the molecular weight fraction. This is further supported by the very low dispersity values. 
The DMAm conversion is higher than NIPAM conversion for a given co-monomer feed ratio, 
consistent with the determined reactivity ratios. This supports the fact that the terminal active 
center of the copolymer system has preferential propensity for the DMAm monomer unit 
compared to NIPAM (rDMAm > 1 and rNIPAM ≤ 0.5). The individual monomer conversion was 
found to decrease with the initial DMAm to NIPAM ratio ([DMAm]0:[NIPAM]0). The 
1H-
NMR peak assignments for the spectra of selected catechol-end functionalized poly(DMAm-
co-NIPAM) samples (entries 4, 7 and 11) can be found in Fig 3-4. Typical 13C-NMR spectra 
distinctly showing the catechol functionality of the copolymer sample can be found in the 
supporting information (Fig C-7).  Furthermore, the mole fraction of each monomer in the 
copolymer sample was determined using equations 3-2 and 3-3: 
𝐹𝑁𝐼𝑃𝐴𝑀 = 7𝐼𝐴 (𝐼𝐵 + 6𝐼𝐴)⁄             (3-2) 
𝐹𝐷𝑀𝐴𝑚 = 1 − 𝐹𝑁𝐼𝑃𝐴𝑀          (3-3) 
where IA = the integral value of the characteristic peak, l (δ = 3.98 ppm; NIPAM -CH(CH3)2) 
and IB = the integral value of the characteristic peaks, f, h, j, q (δ = 2.20 – 3.20 ppm; DMAm 
-CHC(=O), NIPAM -CHC(=O), DMAm -N(CH3)2, and end-group -CH2ArC). It should be 
noted that given the high monomer conversion, the contribution of the end-group, -CH2ArC 
to IB is infinitesimal, therefore it was neglected in eqn 1. As previously specified, the monomer 
fractions were then used in determining the dn/dc values used for determining the molecular 
weight averages (Mn and Mw).  
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Figure 3-4: 1H-NMR spectra for selected catechol-end functionalized poly(DMAm-co-
NIPAM) samples (400 MHz, CDCl3). Entries 4, 7 and 11 
One common criterion for assessing the compatibility of monomeric units within a random 
copolymer system is via the presence of a single glass transition temperature (Tg), whose value 
often lies between the Tg’s of the individual corresponding homopolymers.30,31 The Tg values 
for the prepared copolymer samples were characterized from the DSC thermographs (Fig C-
4), and were found to decrease with the incorporation of more DMAm monomeric units (Fig 
3-5). NIPAM and DMAm homopolymers (MW: 20 – 50 kDa) have Tg values ca.  130 - 135 oC 
and 118 oC respectively depending on their tacticity,
32-34 with the distinctive differences in 
their molecular structures being the bulky side groups and the presence of amide hydrogen. 
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Besides the pendant bulky side groups and the stiff amide moiety on the copolymer structure 
which impacts the Tg values, classical investigation has shown that intra- and inter-molecular 
hydrogen bonding exists between the NIPAM unit and adjacent monomeric units (DMAm or 
NIPAM), thus opposing thermal energy.35 Since Tg is related to thermal movement associated 
with coordinated segmental motions of the amorphous section of the copolymer, it follows 
that more energy will be required to overcome the hydrogen bonding interactions. In contrast, 
no such interaction exists between two DMAm units adjacent to each other in the copolymer 
structure.35 
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Figure 3-5: Glass transition temperature of the batch synthesized poly(DMAm-co-NIPAM) 
samples as a function of the weight fraction of DMAm in the samples (See Fig C-8 for detailed 
DSC thermographs) 
72 
 
Hence, the interactions via hydrogen bonding within the copolymer samples with lesser molar 
ratio of the DMAm unit would be stronger compared to higher ratios. The decrease in Tg can 
be attributed to the predominating effect of the intermolecular attraction within the copolymer 
molecules, which in turn leads to increased chain mobility owing to better degrees of freedom. 
3.3.3 LCST behaviours of catechol-functionalized poly(DMAm-co-NIPAM): To 
investigate this response, the copolymer samples obtained after 3hr of polymerization were 
dissolved each in acetate (pH 5.5) and TRIS (pH 8.5) buffer solutions to a concentration of 
0.5% wt. and subjected to cloud point measurements. The 3 hr samples were adopted because, 
by that time, the conversion of either DMAm or NIPAM was almost complete, with the last 
fourth hour resulting in the polymerization of a monomer only which is not representative of 
the copolymer system. The pH 5.5 was selected to maintain the catechol structure by avoiding 
its auto-oxidation.36 More so, the trithiocarbonate functionality responsible for the RAFT 
activity is stable at such pH.37 On the other hand, pH 8.5 allows slow auto-oxidation of 
catechol to ortho-quinone.15 The poly(DMAm-co-NIPAM) samples designated as D00_3hr, 
D25_3hr, D50_3hr and D75_3hr  (where Dxx denotes the percent molar composition of 
DMAm in feeds) give LCST values ranging from  32 to 92 oC (Fig. 3-6). This 
thermoresponsive property is indicative of coil-to-globule transition of the copolymers which 
is an outcome of the balance between hydrogen bonding and hydrophobic interactions. Below 
the LCST, the copolymer molecules rearranged and assembled around water molecules 
forming cage structures owing to intermolecular hydrogen bonding whose strength decreased 
with temperature.35,38 On the other hand, above the LCST, intramolecular hydrogen bonding 
(polymer-polymer interaction) between neighboring NIPAM and DMAm (or NIPAM) units 
(Note: DMAm units does not hydrogen bond with each other) predominated,35 this coupled 
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with hydrophobic interaction is responsible for the globule transition. The increase in LCST 
values with DMAm fraction in the copolymer was because DMAm has a less hydrophobic 
end group which shift the HHB toward the hydrophilic side and thus requires a higher 
temperature to induce phase transition. 
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Figure 3-6: LCST behavior of poly(DMAM-co-NIPAM) samples: (a) variation in 
transmittance (670 nm) as a function of temp. at pHs 5.5 (black line) and 8.5 (red line), and 
(b) cloud point for the poly(DMAm-co-NIPAM) samples in pH 5.5 and 8.5 buffer solutions. 
(Mn,NMR values for D00_3hr, D25_3hr, D50_3hr and D75_3hr are 21100, 20600, 20300 and 
18100 respectively, while their FDMAm values are 0, 27.2, 54.4 and 79.6 %). 
As indicated in Fig 3-6, the LCSTs of the poly(DMAm-co-NIPAM) samples increased with 
DMAm fraction in the copolymer. Unlike NIPAM units which structurally have both 
hydrogen donor (-NH) and acceptor (-C=O) components, DMAm units only have the latter; 
thus, more DMAm fractions in the copolymer imply lesser availability of hydrogen donors 
for intramolecular hydrogen bonding. More so, the effect of solvation on the C=O groups of 
the DMAm portion of the copolymers is relatively strong and is independent of the alkyl group 
attached to its tertiary amide nitrogen.39 Therefore, more thermal energy is required for 
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dehydrating the C=O environment and increasing the strength of intra-molecular hydrogen 
bonding among neighboring units (NIPAM and NIPAM; NIPAM and DMAm). 
Catechol functionalities are well established to promote chemisorption via either an 
unoxidized catechol route utilizing coordination chemistry for metals and metal oxides or an 
o-quinone route responsible for covalent binding with organic surfaces.15,40,41 To exploit any 
of these routes in an aqueous system, the solution pH plays a vital role. For instance, tris- and 
bis-catechol complexes are usually formed at alkaline pH, while a lower stoichiometry (mono) 
is obtained at acidic pH.15,16 Catechols conjugate reversibly with boronic acid at alkaline pH 
(≥ 7.4) but dissociate at acidic pH conditions.42,43 Though, catechols could auto- or photo-
oxidize to o-quinone at alkaline pH,40 enzymatic or chemical oxidants are able to suppress the 
redox potential for the oxidation, thereby reducing the required pH depending on the nature 
of the oxidant or oxidase. To this effect, we investigated the LCST characteristics of the 
catechol end-functionalized poly(DMAm-co-NIPAM) samples at pH 5.5 and 8.5. The series 
of poly(DMAm-co-NIPAM) samples in the pH 5.5 buffer solution were observed to have 
LCST values very slightly higher than in TRIS buffer (pH 8.5) solution. Cognizant of the pH 
values adopted in this study, the LCST response of NIPAM structural units within a 
(co)polymer is independent of pH44 and for DMAM units in a copolymer, the response is 
almost constant showing no significant changes.45 For comparison, a novel RAFT agent 
dodecyl (2-methyl-1-oxo-1-(phenethylamino)propan-2-yl) carbonotrithioate (2) was 
synthesized (see  SI for its synthesis and characterization) and used to prepare an aryl end-
functionalized  poly(DMAm-co-NIPAM) sample (Mn,nmr =14800 g/mol, FDMAm = 74.5%). 
Given the reactivity ratios of the comonomer pair (rDMAm/rNIPAM ≈ 2.6), the copolymer sample 
was prepared using an initial feed ratio [DMAm]0:[NIPAM]0 = 75:25, similar to the catechol 
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functionalized samples previously described except that (2) was used as the RAFT agent 
instead. The LCST values for the aryl end-functionalized sample were obtained to be 84 ± 
0.25 and 89 ± 0.15 oC at pH 5.5 and 8.5 respectively. Given the difference in these LCST 
values and comparing to those of the catechol functionalized samples, catechol plays a role in 
restricting intra/intermolecular interaction between polymer chains via hydrogen bonding. 
Another interesting feature was the change in color of the catechol functionalized copolymer 
samples in the TRIS (pH 8.5) buffer solution after 4 hr to give a light pink coloration, whereas 
no observable changes were found in the pH 5.5 buffer solution (Fig C-9a & b). When the 
aryl end-functionalized poly(DMAm-co-NIPAM) sample was dissolved in the buffer 
solutions (0.5 % wt), no notable difference in color  was observed for the two pHs even after 
24 hr (Fig C-9c & d), eliminating the degradation of trithiocarbonate functionality as a likely 
cause.37 Hence the change is attributed to the oxidation of the catechol functionality. Even 
when the polymer samples were dissolved in pure deionized water, the color change was 
observed as well, with the final solution having a pH > 8 after an hour period. Although the 
LCST characteristic of catechol end-functionalized poly(DMAm-co-NIPAM) can be tuned 
over a large range of temperatures, significant considerations need to be given to its intended 
post-modification routes, particularly for applications sensitive to pH changes. 
3.4 Conclusions 
It has been shown that catechol functionality can be successfully incorporated at polymer 
chain-ends using suitable RAFT chain transfer agents ensuring very low dispersity values.  
The apparent reactivity ratios were obtained to be rDMAm = 1.28 – 1.31 and rNIPAM = 0.48 – 
0.51 for the DMAm-NIPAM copolymer system mediated with the catechol-end RAFT agents. 
This copolymer system was tuned to make samples with LCST values ranging from 32 – 91oC 
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under batch synthesis modes. Moreover, it was evidently proven that the catechol-end 
functionality of the copolymers (Mn ≤ 26 KDa) would be readily oxidized to its quinone 
counterpart under physiological conditions without significantly impacting their LCST 
values. Thus, buttressing the potential of such end-functionalized materials for applications 
requiring either reversible change via the co-ordination chemistry route or irreversible change 
via covalent linking route (based on nucleophilic addition) without compromising their 
thermo-responsive characteristics. 
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Chapter 4 Graphene Oxide Poly(Styrene-co-DHPMA) 
Assemblies by RAFT Polymerization for Biomimetic-
based Adsorbents 
Abstract 
 
Increasing attempts have been made towards the low cost-efficient treatment of emerging 
water based contaminants using graphene-based adsorption strategies. Conventional graphene 
oxide (GO) suffers from both processing challenges and adsorption selectivity. Herein, we 
designed a family of graphene derivatives incorporating polymeric nanospheres attached to 
GO via a catechol functionality. RAFT copolymerization of styrene (Sty) and N-(3,4-
dihydroxyphenethyl)methacrylamide (DHPMA) provided defined copolymer structures that 
were  linked to the GO. These novel garnished GO assemblies were then examined for 
adsorptive removal of tebuconazole and methylene blue as model compounds. About 99.8 
and 72.5 % removal was obtained for methylene blue and tebuconazole contaminated water 
(5 ppm each) respectively, with the difference in nanosphere composition giving insight into 
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the adsorption mechanism. For methylene blue, π-π stacking interactions were found to 
predominate; whereas for tebuconazole, hydrogen bonding was significant. This study 
demonstrates that GO garnished with such polymeric nanospheres can facilitate the removal 
of targeted emerging organic contaminants, integrating a variety of molecular separation 
interactions.  
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4.1 Introduction 
Increasing concerns for environmental remediation have led to the development of various 
water-based treatment technologies for hard to remove contaminants.1-3 These contaminants, 
particularly for those with some degree of aromaticity are highly toxic to human and aquatic 
lives1,4 and need to be removed from wastewater before discharge. Amongst the various 
treatment technologies,  adsorption technology offers cheaper separation, simplicity in design, 
ease of operation and removal selectivity.5 The adsorption is usually achieved via interactions 
between the adsorbent materials and contaminant molecules. Contaminant-adsorbent 
interactions often include Van der Waals interaction, π-π stacking, electrostatic attraction, 
hydrogen bonding and hydrophobic interaction, two or more of which may exist 
simultaneously. Nonetheless, the predominant mechanism often varies depending on the 
nature of the contaminant. Cognizant of this, a new class of adsorbents needs to be designed 
with consideration for multiple interactions. 
Graphene oxide (GO) based materials have been demonstrated as strong adsorbents to help 
remove organic contaminants (ionic and nonionic),2,4 as well as heavy metal ions.6-8 Though 
GO has been shown to possess adsorptive characteristics, the surface of GO nanosheets tend 
to be negatively charged, thus exhibiting greater affinity for cationic organic contaminants, 
while repulsive towards anionic counterparts.9 To enhance GO’s capabilities, GO materials 
are often combined into hybrid forms with polymers, functional molecules and even metal 
oxides to obtain absorbent materials with lower toxicity, better adsorption performance and 
improved selectivity towards targeted contaminants. Integration with a polymeric system 
would allow a variety of polymer processing operations to produce functional materials. For 
polymer-GO hybrids, low binding often results between the two materials.8 As such, two 
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broad strategies can be used for ensuring strong functionalization of the polymer to GO 
particles: 1) covalent bonding with GO’s oxygen groups (epoxy, carboxyl, carbonyl and 
hydroxyl); and 2) covalent bonding with its C=C atoms by free radicals or dienophiles.10-12 
Though the first approach has been comparatively well-documented, we examined the latter 
approach in this work, which potentially provides better availability of oxygen sites for 
subsequent adsorption capabilities. Wang et al.10 and Liu et al.8 demonstrated the addition of 
free radicals to GO’s C=C atoms via diazotization, forming stable and strong bonding. More 
so, catechol derivatives couple with aryl molecules via aryloxy radical coupling based on 
controlled chemical oxidation with a sodium periodate under slightly acidic conditions,13 
thereby providing an adaptable route for functionalizing GO along its nanosheet plane.  
Catechol has been identified as one of the major functionalities present in the adhesive protein 
of marine organisms such as barnacles and marine mussels, responsible for their attaching 
onto various surfaces.14-16 Hence, we postulated that polymers having catechol-containing 
pendants on GO surfaces can be contributory towards binding chemistry via hydrogen 
bonding and radical-surface coupling. It should be noted that crosslinked catechol-containing 
(co)polymers have been found to result in reduced adhesion under wet conditions.15 
Moreover, styrene-based crosslinked (co)polymers have been extensively examined for the 
adsorption of organic compounds from various fluid media, with the major mechanism 
attributed to π-π stacking and hydrophobic interactions.17-20 To eliminate the need for 
crosslinking reagents, while harnessing the adhesive properties of the catechol functionality 
and extensive adsorptive characteristics of styrene-based polymers, we designed novel 
adsorbents by garnishing GO with a series of poly(DHPMA-co-styrene) synthesized materials 
with the DHPMA units bearing the catechol functionality.   The co-polymers were synthesized 
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via RAFT polymerization, with the garnishment then performed by functionalizing the 
catechol derivatives of the copolymers on the GO nanosheets based on chemical oxidation 
with sodium periodate under slightly acidic conditions. These assemblies were then explored 
for the adsorption of tebuconazole and methylene blue as model compounds for triazole 
fungicides and cationic dyes. Tebuconazole has been found as ubiquitous in water 
ecosystems, in part due to their persistence in aqueous media and are known to pose chronic 
toxicity to aquatic and human live.1,3  Methylene blue is also a well-known industrial dye and 
harmful to humans.21 
4.2 Experimental Section 
Materials. Acetic acid (≥ 99.7%),  dopamine HCl, methacrylic anhydride (94%), 
methylene blue (MB, 0.05 wt.% in H2O), sodium acetate (NaOAc, 99%), sodium 
bicarbonate (≥ 99.7%), sodium periodate, styrene (≥ 99%) and tebuconazole (TCZ, 
99.5%) were purchased from Sigma Aldrich, CA. Anhydrous sodium sulphate (≥ 
99%), potassium permanganate (99%), hydrochloric acid (37%), phosphoric acid 
(85%), sulphuric acid (96.5%), sodium hydroxide, tetrahydrofuran (≥ 99.9%), 
methanol (≥ 99.8% and N,N-dimethylformamide (≥ 99%) were procured from Caledon 
Labs, CA. Graphite flakes (7 – 10 µm, 99%) was purchased from Alfa Aesar. Sodium 
borate decahydrate (≥ 99.5%) was obtained from EMD Millipore, CA. Dopa-DDMAT 
were prepared as described elsewhere.22 Dialysis membranes (MWCO = 1000 Da) 
were obtained from Spectrum Laboratory Inc.  
Azobisisobutyronitrile (AIBN, 98%, Aldrich) was recrystallized 3X in methanol, then 
stored at -20oC prior to its usage. Prior to polymerization, the styrene (40 mL) was washed 
sequentially with 2M NaOH (3 x 40 mL) and distilled H2O (3 x 40 mL), dried with 
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anhydrous Na2SO4 and stored at -20
oC until use. Unless as otherwise noted, all 
chemicals were used as received without further purification. 
Synthesis of N-(3,4-dihydroxyphenethyl)methacrylamide (DHPMA). This 
procedure is similar to that described by Glass et al.14, with slight modification to the 
purification steps (Scheme 4-1a). The detailed procedure can be found in Supporting 
Information.   
Synthesis of graphene oxide (GO). Graphene oxide was prepared in accordance with 
the improved method in Marcano et al.,23 except that a 5:1 mixture of concentrated 
H2SO4/H3PO4 and modified workup procedures were used instead. The workup 
procedure involved centrifuging the reaction mixture at 7000 rpm and 15oC for 1hr, 
dialyzing the residue in water for 4 days, followed by lyophilization to obtain a brown 
product as the GO. 
RAFT copolymerization of DHPMA and styrene (poly(DHPMA-co-Sty)). 
Different ratios of N-(3,4-dihydroxyphenethyl)methacrylamide (DHPMA) and styrene 
(Sty) were added each to a 3 mL vial with septum screw cap such that [M]T,0 
=[DHPMA]0 + [Sty]0 = 8.3 M (Table S1), followed by the addition of Dopa-DDMAT 
(32.2 mg, 0.058 mmol), AIBN (4.9 mg, 0.029 mmol) and DMF (0.7 mL).  After which, 
the reaction mixture was sealed and purged with Ar for 15 min before immersion in an 
oil bath at 80oC for 48 hr. The mixture was then dialyzed against MeOH solvent which 
was later evaporated to obtain the copolymer product. 
Synthesis of nanosphere copolymer garnished GO (GO-DHPMA). GO suspensions 
were previously prepared based on 1.5 mg GO/mL acetate buffer (pH 5.5, 50mM), and 
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copolymer solutions by dissolving 10.5 mmol catechol equivalent of each poly(DMA-
co-St) sample in 5-mL MeOH solvent. The GO suspension (5 mL) was mixed with 
each copolymer solution (5 mL), followed by the addition of sodium periodate (21.4 
mg, 0.1 mmol) and allowed to react for 2 hr under continuous stirring at 300 rpm. The 
reaction mixture was then washed thrice each with deionized water and MeOH before 
oven drying to obtain the final product. In the case of control synthesis experiment 
(GO-DHPMA60), similar procedure was used, except that no sodium periodate was 
added. 
Adsorption experiments. This procedure was performed in batch mode at room 
temperature. Typical, 2.0 mg of the absorbent material (nanosphere garnished GO 
samples) was added to a 10-mL contaminated water sample (prepared to 5 ppm MB or 
TCZ in Millipore H2O) in a 20-mL vial. No adjustment was made to the pH of the as-
prepared contaminated water, which ranged from pH 7.0 – 7.2. The vials were 
immediately placed in a GEMINI twin shaking system and allowed to agitate at 0.5” 
stroke for predetermined time intervals. The adsorbent material in each vial was 
immediately removed via centrifugation (12000 rpm for 30 min) as soon as its 
corresponding predetermined time interval lapsed, after which the concentration of the 
supernatant was measured using UV-vis spectroscopy techniques. 
Characterization. ATR-FTIR spectra were recorded at a resolution of 6 cm-1 over 64 scans 
using a mid-IR spectrometer (Nicolet 6700) equipped with a smart diamond ATR (attenuated 
total reflection). X-ray powder diffraction (XRD) patterns were measured on a Bruker D2 
Phaser powder diffractometer utilizing a Cu Kα radiation (λ = 1.54184 Å) using a scan rate 
0.05 o/min and 2θo range 5 - 60o. A Shimadzu UV-3600 (UV-Vis-NIR 
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spectrophotometer) equipped with halogen and deuterium lamps, and three detectors 
(photomultiplier tube, InGaAs and cooled PbS) was used for UV measurements. X-ray 
photoelectron spectroscopy (XPS) analyses were performed on a Kratos AXIS Ultra 
spectrometer using a monochromatic Al Kα radiation (1487eV). High resolution XPS 
analyses were carried out with an analysis area of 300 µm x 700 µm and a pass energy of 20 
eV. Samples were mounted on a nonconductive double-sided adhesive carbon tape with a 
Kratos charge neutralizer system used on all specimens. Spectra were analyzed using 
CasaXPS software (version 2.3.14). An Agilent PL-GPC 220 gel permeation 
chromatography equipped with a triple detector array: a refractive index detector, a 
bridge viscometer (PL-BV 400HT), and two light scattering detectors (low angle (19o) 
and right angle, 658 nm) was used to determine the molecular weight distribution of 
the copolymer samples. The mobile phase is THF stabilized with 250 ppm BHT at a 
flow rate of 1.0 mL/min.  Three Agilent columns (PLgel 10 µm Mixed-B. 300 x 7.5 
mm) were used for the polymer separation at 30oC and calibrated against polystyrene 
standard (MW: 200 kDa, Ɖ: 1.05). For Transmission electron microscopy (TEM) 
analyses, the GO and garnished-GO materials were prepared using drop-casting 
methods on a FCF200-Cu Formvar Carbon film (EMS, US). The TEM images were 
then obtained at an accelerating voltage of 80 kV on a Philips CM10 electron 
microscope equipped with an Orca HRL camera (Hamamatsu Photonics). 1H-NMR 
spectra used for determining monomer conversions and mole fractions of each 
monomer in the poly(DHPMA-co-Sty) samples were recorded on a Varian Mercury 
VX 400 spectrometer using DMSO-d6 as the reference solvent relative to 
tetramethylsilane (TMS, 0.0 ppm). Thermal properties of the synthesized materials 
88 
 
were evaluated via thermogravimetric analysis (TGA) on a SDT Q600 TA instruments 
by heating the materials from room temperature to 700oC at a heating rate of 10oC/min 
under nitrogen gas (100 ml/min). The concentrations of the MB and TCZ contaminants 
were measured via UV spectrophotometric techniques based on the wavelength of 
maximum absorbance for each contaminant (Figs. D-1 & D-2). For MB and TCZ, these 
wavelengths are 664.0 and 220.5 nm respectively. 
4.3 Results and Discussion 
4.3.1 RAFT copolymerization of DHPMA and styrene: To obtain both catechol and 
benzene functionalities, novel poly (styrene-co-DHPMA) polymers were synthesized via 
RAFT polymerization with styrene using Dopa-DDMAT as the RAFT agent and AIBN 
as initiator (Scheme 4-1). This involved prior synthesis of DHPMA monomer as described 
in Glass et al.14 with detailed information on the monomer characterization provided in 
the supporting information.  
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Scheme 4-1: (a) Synthesis of DHPMA from Dopamine HCl and methcrylate anhydride, and 
(b) RAFT copolymerization of DHPMA with styrene in DMF solvent. 
Four different monomer feed ratios were examined for polymerization, with 
[DHPMA]0 = 23, 40, 63 or 75 % of [M]T,0 in each case (see Table D-1). For each 
polymerization process, the conditions were [M]T,0:[Dopa-DDMAT]0:[AIBN]0 = 
200:2:1 (where [M]T,O = [DHPMA]0 + [Sty]0 = 8.3 M), temperature = 80
oC, solvent = 
0.7 mL DMF and duration = 48 hr. The different comonomer feed ratios were adopted 
to achieve tunable copolymer compositions. Monomer conversions were determined via 
1H-NMR (DMSO-d6), by comparing the DMF solvent peaks (2.73 and 2.88 ppm) with the 
DHPMA vinyl peaks (singlet) at 5.30 and 5.62 ppm, and the styrene vinyl peaks (doublet) at 
5.25 and 5.83 ppm. Except for the DHPMA23 sample, DHPMA conversion was found to 
decrease with its percent composition in the comonomer feed, and similar trends were 
observed for the styrene monomer (Table 4-1).  
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Table 4-1: Copolymer composition for RAFT polymerization of DHPMA and styrenea 
Sampleb fDHPMAc 
DHPMA 
Conversion (%) 
Styrene 
Conversion (%) 
FDHPMAd Mn (Da) Dispersity, Ð 
DHPMA23 0.23 17.9 66.7 0.33 8420 1.16 
DHPMA40 0.40 35.6 61.5 0.46 11210 1.07 
DHPMA63 0.63 33.4 69.6 0.54 12710 1.04 
DHPMA75 0.75 27.1 77.0 0.60 17590 1.03 
aEach RAFT copolymerization process was carried out using AIBN as initiator and DopaDDMAT as RAFT agent in a 0.7 
mL DMF solvent at 80oC for 48 hr. [M]T,0:[DopaDDMAT]0:[AIBN]0 = 200:2:1, where [M]T,0 = [DHPMA]0 + [Sty]0 = 8.3 
M  
bEach sample was designated based on the molar percent of DHPMA in the comonomer feeds. 
c𝑓𝐷𝐻𝑀𝑃𝐴 =
[𝐷𝐻𝑃𝑀𝐴]0
[𝐷𝐻𝑃𝑀𝐴]0+[𝑆𝑡𝑦]0
 . These were determined based on the comonomer feeds.  
d𝐹𝐷𝐻𝑀𝑃𝐴 =
𝑑[𝐷𝐻𝑃𝑀𝐴]
𝑑([𝐷𝐻𝑃𝑀𝐴]+[𝑆𝑡𝑦])
. These values were determined using the 1H-NMR spectra of corresponding copolymer samples. 
All four poly(DHPMA-co-Sty) samples were found to have molecular weights < 17.6 kDa 
and very low dispersity (Ð ≤ 1.16). The 1H-NMR spectra for the poly(DHPMA-co-Sty) 
samples showing peak assignments for the repeating units are presented in Fig 4-1. These 
spectra were then used for determining the mole fractions of each monomer in the copolymer 
samples using aryl proton peaks of both monomers, based on the equations below:  
𝐹𝐷𝐻𝑀𝑃𝐴 =
∫ 𝐼𝐷
6.72
6.07
∫ 𝐼𝐷
6.72
6.07 +0.6 ∫ 𝐼𝑆
6.72
7.70
          (4-1) 
𝐹𝑆𝑡𝑦 = 1 −  𝐹𝐷𝐻𝑀𝑃𝐴         (4-2) 
where ID is the integral value of the DHPMA aryl peaks (3 protons, centered around 6.37 and 
6.60 ppm) and Is is the integral value of the styrene aryl peak (5 protons, centered around 7.06 
ppm). It should be noted that the contribution of the catechol-end R group to the integral value 
of the peaks between 6.07 and 6.72 ppm was neglected when calculating the FDHPMA values. 
In spite of the comonomer feed ratios used (molar percent of DHPMA in feeds = 23, 40, 63, 
75%), all the poly(DHPMA-co-Sty) samples were found to have FDHPMA values ranging from 
0.33 to 0.60, suggestive of sequencing patterns close to moderate alternating with rDHPMA × rSty 
≈ 0. The implication of this extent of alternating sequencing pattern (rDHPMA × rSty ≈ 0) is that it 
limits the range of copolymer compositions that can be produced. A detailed kinetic 
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investigation of this causation will be the focus of separate work in which we have carried out 
a detailed in-situ NMR study. 
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Figure 4-1: 1H-NMR spectra of a series of poly(DHPMA-co-Styrene) samples, designated 
based on the mole fractions of DHPMA in feeds used for preparing the copolymers (600 MHz, 
25 oC) 
We investigated the morphology of the copolymer samples via TEM analysis, since the 
morphology should vary with solvent selection,24 which would eventually impact the linkage 
of the copolymer sample to GO. Typically, the DHPMA75 sample was found to self-assemble 
into nanospherical morphology on the Formvar carbon film when MeOH was used as the 
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drop-casting solvent, but formed thin films with folds at the edge with THF (Fig. 4-2). The 
nanospheres were found to have a median value of 22.4 nm (interquartile range = 22.4 – 67.2 
nm) with their 95 % percentiles below 180 nm.  This is unsurprising because while self-
assembling of random copolymers depends largely on hydrophobic-hydrophilic balance, 
solvent effects often cause assemblies of diverse morphologies depending on electrostatic, 
hydrophobic and hydrogen bonding interaction within the system.24 In the case of the 
DHPMA75 copolymer sample, the relatively high affinity of the DHPMA unit for MeOH 
causes its exposure to the nanospherical edges ensuring particle stabilization, while the 
styrene unit tends to orient within the core of the sphere. Concomitantly, the solvent used in 
linking the poly(DHPMA-co-Sty) sample to GO would impact the final morphology of the 
resulting garnished GO materials. 
 
Figure 4-2: TEM images of the DHPMA75 copolymer sample (a) with methanol as the drop-
casting solvent; and (b) with THF as the drop-casting solvent  
(a) (b)
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4.3.2 Synthesis of graphene oxide (GO): The synthesized GO was based on chemical 
exfoliation of flake graphite using strong oxidizing agents (KMnO4 with a H2SO4/ H3PO4 
system). This approach was favored, which has been shown to lead to more oxidized GO with 
relatively fewer defects in the basal plane compared to Hummer’s method.23 Figure 4-3 shows 
the XRD, ATR-FTIR and UV-Vis spectra, as well as the TEM image of the synthesized GO. 
As indicated in the XRD spectra, the synthesized GO has an increased interplanar spacing at 
about 0.83 nm (Bragg’s law) compared to graphite which is typically around 0.33 nm (Fig 4-
3a), thus evidencing the disruption of the graphite lattice.25,26  The ATR- FTIR spectra 
indicates functional groups with unique peaks at 3613 (free O-H stretch), 3170 – 3351 (O-H 
and =C-H stretch), 1738 (C=O stretch), 1621 (aromatic C=C stretch) and 1224 cm-1 (C-O 
stretch). Except for the 1738 peak, these peaks are attributed to the presence of alcohol, 
aromatic (or conjugated species) and epoxide functionalities, and are well-supported in recent 
accounts of GO.27-29 However, there are ambiguities regarding the carbonyl peak (1738), 
whether it is indicative of either carboxyl or ketone (inclusive of quinoidal species) groups. 
Quintessential works from Kliniwski’s group on the basis of material reactivity for several 
prepared GO derivatives suggests the presence of carboxyl group as the source of the C=O 
bond.30 Conversely, combining FTIR and DRIFTS spectroscopies, Szabó et al claimed ketone 
or quinones instead,31 and attempted to explain the acidic site associated with potentiometric 
titration of GO as the aftermath of keto-enol tautomerism of α,β-unsaturated ketones.32 
Meanwhile, the UV spectra recorded for the GO shows a peak (≈ 227 nm) and a shoulder 
(≈ 306 nm) corresponding to conjugation ππ*and carbonyl n π* transitions 
respectively (Fig. 4-3c), substantiating the existence of aromatic (or conjugated species) 
and carbonyl.23,33 TEM analysis shows the materials to be highly electron transparent 
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having a nanosheet morphology with wrinkles which are indicative of various defects 
and functionalities (Fig 4-3d).34  Moreover, the GO material was brownish in color, 
and found to remain dispersed in deionized water even after 120 days, demonstrating 
its unique hydrophilic property (Fig D-4). Notably, there still exists a considerable 
ambiguity on the precise structure of GO owing to its amorphicity and nonstoichiometric 
nature, as well as the challenge for more rigorous analytical techniques. 
 
Figure 4-3: Comparison of graphene oxide to the starting material (graphite flake): (a) XRD 
spectra (1.54184 Å CuKα), (b) ATR-FTIR spectra, (c) UV-Vis spectra (0.05 mg/mL each in 
Millipore H2O, dispersed via sonication) and (d) TEM image of GO 
95 
 
4.3.3 Nanosphere copolymer garnished GO samples: These materials were 
synthesized using a co-solvent of methanol and pH 5.5 acetate buffer in the presence 
of sodium periodate oxidant to ensure the binding of the nanosphere copolymer with 
GO. As evidenced in Figures 4-4a & b, ATR-FTIR peaks 2917 cm-1 (C-H stretching) 
and 1516 cm-1 (amide II: N-H bending and C-N stretching) pertaining to the copolymer 
but not the GO material were found in the garnished GO samples, confirming 
successful binding of both materials. Consequently, the intensity of the peak at 1516 
cm-1 for the nanosphere garnished GO increases with the DHPMA component. XPS 
analysis shows the presence of the copolymer (via amide bonding) on both the GO 
assembly and control samples (Figure D-5).  However, because of the overlapping peak 
(531.2 eV) for aromatic C=O and amide C=O bonding, XPS was unable to distinguish 
the mechanism of copolymer binding to the GO.   
Derivative TGA analysis of the assemblies provides the major weights losses of the 
copolymers bound to the GO assembly. Except for the more volatile constituent losses below 
100 oC, typically the DHPMA63 and GO samples have only one major weight loss at 414.8 
and 217.5 oC respectively, while the garnished sample has two major weight losses at 406.8 
and 182.6oC (Fig 4-4c & d). These two major losses by the garnished samples (GO-
DHPMA63 and GO-DHPMA63_control) occurred at temperatures down shifted relative to 
each individual component, suggestive of binding between the two components. With the 
major weight losses occurring at T’s > 180 oC, this indicates that the garnished samples are 
thermally stable.  Comparison of the garnished samples shows that the binding is greatly 
enhanced by the presence of the sodium periodate oxidant. 
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Figure 4-4. (a) ATR-FTIR spectra of the copolymer samples; (b) ATR-FTIR spectra of the 
nanosphere copolymer garnished GO samples; (c) thermogravimetric analysis of the GO-
DHPMA63 sample; (d) derivative thermogravimetric analysis of the GO-DHPMA63 sample; 
(e) TEM images of the GO-DHPMA75 sample; and (f) XRD spectra for the nanosphere 
garnish GO samples. 
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The catechol functionality on DHPMA has shown potential for both physisorption and 
chemisorption in various studies.22,35,36 In our case, the catechol moiety is expected to be on 
the exterior of the nanospheres because of its relative hydrophilicity as described 
schematically in Scheme 4-2. The two electron oxidant properties of the periodate on the 
catechol functionality would lead to the formation of catechol ketone intermediates, which in 
turn decomposed via a slower step to its o-quinone equivalent.13 Thus, the binding would 
possibly be via aryloxy radical coupling in nanosphere-nanosphere or GO-nanosphere 
interactions, and tautomererization of o-quinone.37 The presence of π- π stacking interactions 
with the aromatic molecules and hydrogen bonding with the polar groups is likely as well.36 
The synthesized garnished GO sample (GO-DHPMA75) displays a 2-D layer sheet decorated 
with nanosphere aggregates ranging from 200 – 550 nm in diameter (Fig 4-4e). The aggregate 
size was found to be larger than the nanosphere copolymer only (DHPMA75), which in part 
resulted from the fore-mentioned self-interaction. Moreover, previous studies have shown the 
size of polymeric nanospheres to be highly sensitive to alcohol-water mixed solvent effect,38 
hence the observed increase was not unanticipated.  The XRD pattern for each garnished GO 
sample shows two distinct diffraction peaks centered at approximately 10o and 18o, with the 
latter being much broader (Fig. 4-4f). Atactic polystyrene is known to have a polymerization 
diffraction peak around 9.4o, attributed to inter-chain packing resulting from backbone-
backbone correlation, and an amorphous peak at 19.7o due to phenyl-phenyl and phenyl-
backbone correlations.39,40  Similarly, poly(dopamine methacrylate) has an amorphous halo 
at 2θ ≈ 21o.41 With the XRD peak of the GO at 10.6o, it is not surprising that the garnished 
GO samples have two relatively broad peaks each. As shown in Figure 4-4f, these peaks 
became increasingly narrower for samples prepared with polymers having a higher DHPMA 
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fraction. This, in part, is caused by the exceptional binding characteristics of the DHPMA 
unit, allowing greater attachment to the GO material, thereby leading to the significantly 
narrower peak at 2θ ≈ 10o. Accordingly, the attachment with DHPMA is particularly favoured, 
given that hydrophobic-hydrophilic effects with solvents during the synthesis process would 
have had the styrene unit oriented within the core of the copolymer sample. 
 
Scheme 4-2: Binding of poly(DHPMA-co-styrene) nanosphere on a GO nanosheet with 
possible crosslinking or interactions induced by the sodium periodate 
4.4.3  Adsorption of MB and TCZ contaminants: Each of the nanosphere garnished GO 
samples was screened for their ability to remove MB or TCZ from contaminated water within 
a 24-hour period. With the major variations in the garnished GO adsorbents being the amounts 
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of amide, aryl and catechol functionalities, as well as nanosphere sizes; empirical difference 
in the removal efficiency would be consequences of the interactions between these 
functionalities and the contaminant structure. For the MB contaminated water, the GO-
DHPMA23 sample was observed to be the candidate of choice with a removal efficiency of 
99.8% (Fig 4-5a). Meanwhile, GO-DHPMA75 was preferred for TCZ with a removal 
efficiency of 72.5%. More explicitly, considering the relative structure of GO-DHPMA23, π-
π stacking and π-cation interactions between the aromatic rings of the adsorbent and those 
from MB seems to be the main mechanism for adsorption, with significant contribution from 
π-cation interactions. A plausible explanation for the latter is because of the anionic nature of 
GO nanosheets and the cationic nature of the MB dye.9 Given the initial pH of the adsorption 
experiment, there was no significant cation-anion effect from the polymer constituent, as the 
catechol moiety has pKa1 and pKa2 values of 9.25 and 13.0 respectively. Cognizant of the 
above rationale for GO-DHPMA23, one would expect GO only to perform better with respect 
to MB adsorption, but reverse is the case. This is likely due to the fact that the absence of 
polymeric garnishment might had led to lower surface area, owing in part to GO aggregation, 
compared to the GO assemblies. On the other hand, GO-DHPMA75 is observed as the choice 
adsorbent for the TCZ contaminated water. With the notable distinction between the structures 
of the garnished GO adsorbents being their amide and catechol functionalities, hydrogen 
bonding is suspected to play a substantial role in the adsorption of TCZ. This is because TCZ 
is comprised of both hydroxyl and chloride groups, as well as 1,2,4-triazole groups which 
would act as hydrogen-acceptors towards hydrogen-bonding interactions.42 It is worth noting 
that the GO content, besides contributing to the binding interactions via π-π stacking with the 
contaminants, aids in the dispersion of the adsorbent materials. This was demonstrated as 
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when the copolymers only were used as adsorbents, they formed clump masses which 
remained undispersed in the contaminated water. This indicates that the hydrophilicity of the 
GO components is essential toward ensuring proper adsorption.  
MB removal was faster compared to TCZ (Fig. 4-5b), and as such we examined their kinetic 
parameters via pseudo-first-order (Lagergren) and pseudo-second-order kinetic models, 
expressed via equations 4-3 and 4-4 respectively: 
loge(qe− qt) = loge qe − k1t       (4-3) 
t
qt
=
1
k2qe
2 +  
t
qe
          (4-4) 
where qe (mg/g) and qt (mg/g) are the amounts of contaminants adsorbed by choice garnished 
GO adsorbents at equilibrium and at time, t (min) respectively. k1 (min
-1) and k2 (g mg
-1 min-
1) are the rate constants for the pseudo-first-order and pseudo-second-order kinetic models.  
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Figure 4-5: (a) Column plot for the screening of contaminants (MB and TCZ) for choice 
nanosphere-garnished GO adsorbents; and (b) kinetics of MB and TCZ removal based on the 
choice garnished GO adsorbents (GO-DHPMA23 and GO-DHPMA75 respectively) 
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Linearized plots showing the detailed fitting of the kinetic data to the models can be found in 
the supporting information (Fig. D-6), with the summary presented as Table 4-2. These results 
indicate that the adsorption kinetics for both contaminants seem to predominantly follow 
pseudo-second-order kinetics, owing to R2 value > 99%, and computed adsorption capacity, 
qe closer to experimental values. Thus, the pseudo-second order kinetic expresses the rate of 
arrival of the contaminant molecules on the surface of the corresponding adsorbent and the 
proportion of the molecules being adsorbed. 
Table 4-2: Kinetic parameters for the adsorption of methylene blue and tebuconazole on 
nanosphere-garnished GO adsorbents 
Contaminant 
Choice 
Adsorbent 
Pseudo-first-order kinetic Pseudo-Second-order kinetic 
R2 value 
qe, exp 
 (mg/ g) 
k1 (/min) R
2 value 
qe, exp  
(mg/ g) 
k2 (g/mg·min) 
MB DHPMA23 0.9287 10.27 0.0042 0.9995 25.25 0.0018 
TCZ DHPMA75 0.9514 11.67 0.0033 0.9964 19.05 0.0008 
 
4.4 Conclusions 
Nanosphere-garnished graphene oxide (GO) based on poly(DHPMA-co-Sty) nanospheres 
exhibit high potential for the adsorption of cationic organic dyes and triazole fungicide 
contaminants. Variation in the polymeric composition of the nanosphere using RAFT 
polymerization was found to be able to control the quanity of functionalities such as catechol, 
amide, aryl and other oxygen groups on the garnished-GO adsorbents, allowing useful insight 
into the adsorption mechanism. In the case of methylene blue contaminant, π-π stacking 
interactions were found to be predominantly significant; while for tebuconazole, the impact 
of hydrogen bonding cannot be neglected. Hence, this study contributes to the library of GO-
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based adsorbents, affording the opportunity to facilely tailor the adsorbent to targeted 
contaminants while providing a simple mean for insight on the adsorption mechanism.  
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Chapter 5 N-(3,4-dihydroxy aryl) Acrylamido-based 
Copolymers as Underwater Adhesives in Saline 
Environment 
Abstract 
 
Mussel-inspired adhesives based on catechol functionalities are garnering significant 
attention, given their capacity for high strength underwater adhesion with various substrates. 
However, these adhesives usually achieve relatively low underwater adhesion with plastic 
substrates compared to their commercial counterparts. To address this challenge, a series of 
N-(3,4-methylenedioxy aryl)acrylamides which differ with respect to the presence of 
spacer(s) between their amide and catechol functionalities was prepared for the first time. 
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Then, novel adhesive copolymers were designed by RAFT polymerization, copolymerizing 
each of the N-(3,4-methylenedioxy aryl)acrylamides with styrene to varying copolymer 
compositions followed by the deprotection of methylenedioxy moieties to expose functional 
catechol derivatives. Underwater adhesive studies carried out with PVC substrates in DI water 
and seawater indicated that there is a threshold copolymer hydrophobicity beyond which the 
optimal mole fraction of catechol in a copolymer required for maximum adhesion is similar 
for both media.  
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5.1 Introduction  
Recent bio-inspiration from marine sessile organisms like barnacles and mussels have caused 
an impetus in the development of synthetic adhesives suitable for watery and saline 
environments.1-4 These adhesives, some of which have been found to have high bonding 
strengths of up to 7 MPa with suitable substrates,1 have showed great potential as specialty 
materials for tough medical applications such as orthopedic cements, surgical and dental 
glues. Nevertheless, considerable effort has focused on understanding the nature of these 
bioinspired adhesives.2,5 The adhesive mechanism of barnacles containing proteinaceous 
cements contain amide functionalities with self-assembly motifs,2,5 whose exact structures are 
still under debate. This cement usually causes permanent irreversible bonding. On the other 
hand, mussels are based on adhesive foot proteins consisting of varying amounts (3 – 30 % 
mol.) of L-3,4-dihydroxyphenylalanine (L-DOPA) capable of forming reversible and 
irreversible bonding. This L-DOPA structure bears catechol functionality which is the key 
structure responsible for protein-protein cohesion and protein-substrate adhesion.6-8 In 
contrast, the main components of barnacle cements and their interactions are not well-
established owing to their very poor in vitro solubility.5  As such, there are comparatively 
more studies in the literature regarding mussel-inspired synthetic adhesives instead of those 
based on barnacle cements. Amide functionality is present in both adhesive systems and 
despite its ubiquitousness; little or no attention has been given to its effect and the impact of 
its structural position relatives to catechols on binding strength. Meanwhile, amide bonds are 
known to be more inclined to cause molecular chain stiffness which could influence the 
strength of an adhesive bond.9 
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Synthetic adhesive glues made from catechol derivatives have shown excellent prospects with 
diverse substrate materials.1,10 These catechol-derived adhesives interact based on aryloxy 
radical coupling or adherence to substrates via metal-ligand complexation,11 oxidative 
coupling, hydrogen bonding, Van der Waals interaction and π- π stacking interactions.7 When 
glues are applied underwater, they tend to interact with water molecules impeding adhesion 
with the substrate’s surface or cohesion within their matrix. The surface energy of adhesive 
materials should be lower than the substrate for efficient adhesion and in the presence of 
water.  It is often negatively affected by wetting and swelling conditions, with resulting 
hydrolysis of the adhesive molecules or plasticization. Notwithstanding this adverse effect 
caused by increased relative permittivity (air versus water) particularly on non-covalent 
interactions,12 catechol-derived adhesives have been shown to be excellent performers under 
these conditions. This in part is due to the capacity of catechol to displace water and 
preferentially spread over an adhering surface.13 Despite this exemplary adhesive nature; 
catechol alone does not wholly mirrored the binding strength of mussel adhesive systems,  but 
rather resulted in comparably lower strength.14,15 Such discrepancy has been explained as due 
to non-inclusion of other functionalities contained in 4-hydroxyarginine, lysine or 
phosphoserine that often interplay synergistically with catechol within the more complex 
adhesive plaques of marine organisms.14,15 
Mussel adhesive systems includes several foot proteins (mfps), amongst which mfp-3 and 
mfp-5 are predominantly found at the adhesive plaque-substrate interface and have been 
shown to be crucial for substrate adhesion.7,12 These mfps have L-DOPA contents ranging 
from 20 to 30 mol. %, hence mussel-inspired synthetic adhesives are usually designed to have 
catechol equivalents whose mole ratios are within this range.1,3 The mfps are usually 
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composed of varying degrees of amide functionality within their structures. Hence, we 
hypothesize the amide functionality as complementary towards catechol-induced adhesion 
and in this chapter we explore a series of N-(3,4-dihydroxy aryl)acrylamide as mimics of L-
DOPA. Given that one can control the position of amide groups and spacers relative to the 
catechol functionality in a polymer molecule using suitable synthetic approaches, further 
insights can be drawn on the adhesion mechanism. Specifically, a series of monomer units 
whose structures differ with respect to the presence of spacer(s) between their amide 
functionality and catechol precursors were synthesized and then RAFT copolymerized with 
styrene (Scheme 5-1). Initial use of catechol precursors in the synthesis process was adopted 
to prevent ester coupling of acryloyl chloride with catechol hydroxy but with amines to form 
amide linkages. Whereas the RAFT process was selected to mitigate deviations in adhesive 
properties of the copolymers due to dispersity in their molecular weights.16 The synthesized 
copolymers were then deprotected to expose their catechol functionalities and subsequently 
investigated for how the position of the amide functionality relative to catechol impacts 
adhesive strength. For this study, attention was focused on polyvinyl chloride substrates 
because their catechol-induced adhesions have often resulted in relatively low underwater 
bonding strength, usually ≤ 0.4 MPa.1,17 
5.2 Experimental Section 
Materials: Acryloyl chloride (≥ 97%), 3,4-dimethoxystyrene (DMS, 99 %), 3,4-
(methylenedioxy)aniline (1a, 97%), boron tribromide (≥ 99.99%), boron tribromide solution 
(1.0 M in methylene chloride), 2-(dodecylthiocarbonothioylthio)-2-methylpropionic (98%), 
piperonylamine (1b, 97%), sodium bicarbonate (≥ 99.7%) and sodium chloride (99%) were 
purchased from Sigma Aldrich Canada and used as received. 2-[3,4-
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(methylenedioxy)phenyl]ethylamine (1c, Alfa Aesar, 95%) and  chloroform-d (Cambridge, 
99.8%) were also used as received. All organic solvents used: chloroform (≥ 99.8%), 
dichloromethane (≥ 99.8%), dimethylformamide (99%), ethyl acetate (99.9%), methanol (≥ 
99.8%), tetrahydrofuran (≥ 99.9%) and toluene (≥ 99.5%) were procured with Caledon Labs. 
2,2′-Azobis(2-methylpropionitrile) (98%, AIBN, Aldrich) were recrystallized thrice in 
methanol and stored at -20 oC prior to usage. Styrene (≥ 99%, Aldrich) was passed through a 
prepacked column inhibitor remover (tert-butylcatechol, Aldrich), sealed and stored at -20oC 
before use. Polyvinyl chloride (PVC) and polycarbonate substrates were purchased from 
Parker Plastic, Ontario Canada. 
N-(3,4-methylenedioxy phenyl) acrylamide (MDPA): Acryloyl chloride (4.19 mL, 50 
mmol) was diluted with DCM (15 mL) and added dropwise over 30 min to a stirring solution 
of 3,4-(methylenedioxy)aniline (7.07 g, 50 mmol) and triethylamine (7.66 mL, 55 mmol) in 
DCM (85 mL) previously cooled to 0 oC in an ice bath. Following that, the reaction was 
continued for 30 more min at that temperature and additional 2 hr at room temperature. The 
DCM solvent was then removed using a rotavap and the solid residue diluted with ethyl 
acetate (300 mL) to extract the wanted portion. The ethyl acetate extract was filtered and the 
filtrate washed with 3 % HCl (2 x 150 mL), saturated NaHCO3 (2 x 150 mL) and brine (2 x 
150 mL) before drying over MgSO4. The solvent was then removed to obtain a light brown 
powdery solid as the final product (yield = 71.1 %). 
1H NMR (600 MHz, CDCl3) δ (ppm): 5.77 (d, J=10.5 Hz, 1 H), 5.97 (s, 2 H), 6.22 (dd, J=16.9, 
10.5 Hz, 1 H), 6.42 (d, J=16.9 Hz, 1 H), 6.76 (d, J=8.2 Hz, 1 H), 6.86 (d, J=8.2 Hz, 1 H), 7.15 
(br. s., 1 H), 7.33 (s, 1 H). 13C NMR (150 MHz, DMSO-d6) δ (ppm): 101.0, 101.4, 108.1, 
112.1, 126.5, 131.8, 133.4, 143.1, 147.0, 162.8. 
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N-(3,4-methylenedioxy benzyl) acrylamide (MDBA): A similar procedure as that described 
for N-(3,4-methylenedioxy phenyl)acrylamide was used, except that piperonylamine was 
utilized as the amine instead. A whitish yellow powder was obtained at the final product (yield 
= 77.3 %). 
1H NMR (600 MHz, CDCl3) δ (ppm): 4.44 (d, J=5.8 Hz, 2 H), 5.68 (dd, J=10.5, 1.2 Hz, 1 H), 
5.78 (br. s., 1 H), 5.96 (s, 2 H), 6.10 (dd, J=16.9, 9.9 Hz, 1 H), 6.33 (dd, J=16.9, 1.75 Hz, 1 
H), 6.77 (s, 2 H), 6.81 (s, 1 H). 13C NMR (150 MHz, CDCl3) δ (ppm): 43.4, 101.0, 108.2, 
108.4, 121.1, 126.6, 130.6, 131.9, 147.0, 147.9, 165.3. 
N-(3,4-methylenedioxy phenethyl) acrylamide (MDPEA): This synthesis procedure was 
analogous to the other two, except that the amine was 2-(3,4-Methylenedioxy 
phenyl)ethylamine. The final product is yellowish in colour (yield = 80.5 %). 
1H NMR (600 MHz, CDCl3) δ (ppm): 2.78 (t, J=6.7 Hz, 2 H), 3.57 (q, J=6.6 Hz, 2 H), 5.52 
(br. s., 1 H), 5.63 (dd, J=9.9, 1.2 Hz, 1 H), 5.95 (s, 2 H), 6.01 - 6.07 (m, 1 H), 6.27 (dd, J=16.9, 
1.2 Hz, 1 H), 6.65 (dd, J=7.9, 1.5 Hz, 1 H), 6.70 (d, J=1.8 Hz, 1 H), 6.76 (d, J=7.6 Hz, 1 H). 
13C NMR (150 MHz, CDCl3) δ (ppm): 35.3, 40.8, 100.9, 108.3, 109.0, 121.6, 126.3, 130.8, 
132.5, 146.2, 147.8, 165.5. 
RAFT copolymerization of styrene and 3,4-dimethoxystyrene (P1 - P4): Given amounts 
of styrene and 3,4-dimethoxystyrene (See Table S1) were added each to DDMAT (0.06 mmol, 
21.9 mg), AIBN (0.03 mmol, 4.9 mg), toluene (1.95 g) and DMF (as internal reference, 0.05 
mmol, 38.8 µL) in a 15 mL two-neck round-bottom flask. The flask was then sealed with 
septum stoppers, followed by purging with argon for 20 min before immersing into an oil bath 
at 80oC to mark the beginning of polymerization. At the end of 36 hours, the polymer sample 
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was purified by precipitating in MeOH, re-dissolving in chloroform and the cycles repeated 
four times before vacuum drying to obtain the final product. Aliquot samples were taken at 
the beginning and end of polymerization for 1H-NMR analysis to determine the monomer 
conversion. The final copolymer sample was also taken for 1H-NMR to determine the 
copolymer composition. 
RAFT copolymerization of styrene and N-(3,4-methylenedioxy phenyl) acrylamide (PA1 
- PA4): Varying amounts of styrene and n-(3,4-methylenedioxy phenyl) acrylamide (Table 
S1, total monomer concentration = 18 mmol) were added each to DDMAT (0.06 mmol, 21.9 
mg), AIBN (0.03 mmol, 5.1 mg) and DMF (1.75 mL, also used as internal reference) in a 15 
mL two-neck round-bottom flask. The flask was then sealed with septum stoppers, followed 
by purging with argon for 20 min before immersing into an oil bath at 80oC to begin the 
polymerization. At the end of 36 hours, the polymer sample was purified by precipitating in 
MeOH, re-dissolving in chloroform and the cycles repeated four times before vacuum drying 
to obtain the final product. Aliquot samples were taken at the beginning and end of 
polymerization for 1H-NMR analysis to determine the monomer conversion. The final 
copolymer sample was also taken for 1H-NMR to determine the copolymer composition. 
RAFT copolymerization of styrene and N-(3,4-methylenedioxy benzyl) acrylamide (PB1 
- PB4): This polymerization procedure, purification and characterization was the same as the 
previous one except that n-(3,4-methylenedioxy benzyl) acrylamide and styrene were used as 
the comonomers instead. Information on the comonomer feed ratios can be found in Table 
S1. 
RAFT copolymerization of styrene and N-(3,4-methylenedioxy phenethyl) acrylamide 
(PC1 – PC4): This procedure was same as the previous except that we used n-(3,4-
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methylenedioxy phenethyl) acrylamide and styrene as the copolymers, see table S1 for actual 
comonomer feed ratios. 
Deprotection of poly(3,4-dimethoxystyrene-co-styrene) samples (DP1 – DP4). Typically, 
0.75 g (1.14 mmol veratrole equivalent) of poly[(3,4-dimethoxystyrene)22%-co-sytrene)78%] 
was dissolved in anhydrous DCM (10 mL) in a round-bottom flask (15mL), sealed, argon-
purged and placed in an ice bath. After 20 min, BBr3 (2.28 mmol, 99.99%) was added 
dropwise to the reaction mixture and the ice bath removed for the reaction to proceed at room 
temperature. The mixture was then allowed to react overnight. Following that, MeOH (1 mL) 
was added to the reaction mixture under stirring for 15 min to quench the remaining BBr3 
before transferring dropwise into a 0.12 M HCl solution (150 mL) under rigorous stirring for 
another 15 min.  The HCl solution was decanted and the procedure repeated thrice. The solid 
residue was dissolved in acetone:DCM (50:50 vol. %) and dried with rotavap thrice to obtain 
the final product.  
Deprotection of poly[N-(3,4-methylenedioxy aryl) acrylamide -co-styrene] samples 
(DPA1 - DPC4): Typically, 0.52 g (0.61 mmol 3,4-methylenedioxy equivalent) of poly[(n-
(3,4-methylenedioxy phenethyl) acrylamide)24%-co-sytrene)76%] was dissolved in dried 
dichloromethane (6.4 mL), sealed and purged with argon. 1.22mL of the BBr3 solution (1.22 
mmol) was added dropwise to the sealed mixture and allowed to react at room temperature 
for 24 hours. MeOH (1.5 mL) was then added to the mixture and stirred for 15 min; following 
that, the mixture was opened to the fume-hood atmosphere under stirring for 8 hr, before the 
dropwise addition of the remaining content to a rigorously stirring 0.12 M HCl (150 mL) 
solution. The stirring was continued overnight, and then centrifuged to remove the HCl 
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solution. To ensure a complete removal of the HCL solution, DI water was added to the 
residue and centrifuged again. The final dried product was later obtained via lyophilization. 
Note: similar procedure was performed for each sample so that the final concentration of BBr3 
solution in the reaction mixture was 0.16 M, and that of the copolymer sample was 0.08 M 
3,4-methylenedioxy equivalent. 
Characterization: NMR spectra for the synthesized monomers (1H & 13C) and copolymer 
structure and composition (1H) were recorded on a Bruker AvIII HD 400 spectrometer or a 
Varian Inova 600 spectrometer using CDCl3 or DMSO-d6 as reference solvent relative to 
tetramethylsilane (TMS, 0.0 ppm). Experimental molecular weights (Mn) and dispersity 
values (Ɖ) of all copolymer samples were measured using an Agilent PL-GPC 220 gel 
permeation chromatography equipped with a triple detector array: a refractive index detector, 
a bridge viscometer (PL-BV 400HT), and two light scattering detectors (low angle (19o) and 
right angle, λ = 658 nm).  THF solvent (stabilized with 250 ppm BHT) was used as the mobile 
phase with a flow rate of 1.0 mL/min. The GPC column was operated at 30oC employing three 
Agilent PLgel 10 µm Mixed-B (300 x 7.5 mm) and calibrated using a polystyrene standard 
(MW: 205 KDa, Ɖ: 1.05). The glass transition temperatures of the protected copolymer 
samples were obtained using a TA instrument DSC Q200 via a heating-cooling-reheating 
cycle (heating rate = 10oC/min, cooling rate = 5oC/min), thus ensuring the removal of any 
prior thermal history.  
Adhesive-bonded single-lap testing:  The PVC and polycarbonate substrates used for the 
adhesive testing were prepared into flat bars (9.0 cm length × 1.2 cm wide × 0.3 cm thickness). 
Prior to the application of adhesive copolymer samples, each substrate was washed 
sequentially with isopropanol and deionized water and then air-dried. Each deprotected 
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copolymer sample was prepared to 0.2 g/mL concentration in a THF/chloroform (60:40, v/v) 
co-solvent system. The single lap-shear joint testing was then carried out based on a modified 
ASTM D 3163 method on an Instron 5943 machine. Briefly described, 67.5 µL of each 
deprotected copolymer solution was dispensed on a submerged PVC substrate in DI water or 
seawater before placing a second substrate atop the former to form a lap joint of 1.2 × 1.2 
cm2. The specimen was then allowed to cure underwater for 24 hr. at room temperature, wiped 
dried and immediately placed in the grips of the Instron machine so that the applied load 
aligned with the long axis of the specimen. Following that the testing was conducted at a 
failure rate of 8.3 MPa/min (approximately 1.27 mm/min cross head speed), the maximum 
load at failure for each specimen was recorded and divided by its corresponding joint area to 
determine the underwater adhesion. This procedure was repeated five times for each adhesive 
sample. 
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5.3 Results and Discussion 
5.3.1 Design of mussel-inspired adhesive copolymers: This design approach involved the 
initial RAFT copolymerization of styrene with 3,4-dimethoxystyrene (DMS) or a series of N-
(3,4-methylenedioxy aryl) acrylamides (MDPA, MDBA or MDPEA) and then deprotection 
of the dimethoxy or methylenedioxy group to provide the catechol functionalities (Schemes 
5-1 & 5-2). The RAFT copolymerization was adopted to ensure copolymers with low 
dispersity, thereby mitigating variations in structure-property adhesive relationships due to 
broad molecular weight distribution. More so, N-(3,4-methylenedioxy aryl) acrylamides 
which differs based on the presence of spacers (0-C, 1-C or 2-C spacer) between the amide 
and 1,3-benzodioxolyl functionalities allowed systematic investigation of the role of the 
amide functionality on mussel-inspired adhesive bonding. 
 
Scheme 5-1: RAFT synthesis of styrene and n-(3,4-methylenedioxy aryl) acrylamide 
copolymers. 
The N-(3,4-methylenedioxy aryl) acrylamides (MDPA, MDBA and MDPEA) were first 
synthesized by coupling acryloyl chloride with three different amines (Scheme 5-1): 3,4-
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(methylenedioxy)aniline (1a), piperonylamine (1b) and 2-[3,4-
(methylenedioxy)phenyl]ethylamine (1c), and confirmed via 1H- and 13C-NMR spectroscopy 
(Figs E-1 & E-2). Each N-(3,4-methylenedioxy aryl) acrylamide was then RAFT 
copolymerized with styrene in DMF at 80 oC using 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid (DDMAT) as the RAFT agent and AIBN as the initiator. DMS was also 
RAFT copolymerized with styrene as well, using the same experimental conditions except 
that toluene was used as the solvent instead. Table 5-1 summarizes the copolymer 
composition, molar mass, molecular weight distribution and glass transition temperature (Tg) 
data for the samples (P1 – P4, PA1 – PC4) from the RAFT copolymerization procedures. 
Poly[(3,4-dimethoxystyrene)-co-styrene] samples (P1 – P4) had degrees of polymerization 
comparably lower than the N-(3,4-methylenedioxy aryl) acrylamido-based copolymers (PA1 
– PC4). Though the nature of the comonomer species was found to impact the extent of 
polymerization, the solvent choice also affects the degree of polymerization. Polar solvents, 
in this case DMF compared to toluene, have better stabilizing effect on the transition state of 
several propagating radicals.18,19 This, in turn normally results in lowered activation energy 
thereby increasing the rate of propagation.  
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Table 5-1: Characteristics of the synthesized protected adhesive copolymersa 
Entry 
Monomer 
2 
Compositionb (%) Mn,exp
c 
(kDa) 
Ðc Tg (
oC) 
fStyrene FStyrene 
P1 DMS 0.800 0.784 16.4 1.18 93.4 
P2 DMS 0.760 0.760 15.4 1.16 90.9 
P3 DMS 0.730 0.710 14.4 1.12 87.1 
P4 DMS 0.700 0.668 14.2 1.10 85.9 
PA1 MDPA 0.770 0.804 35.0 1.15 114.3 
PA2 MDPA 0.700 0.763 38.3 1.10 120.5 
PA3 MDPA 0.650 0.712 38.4 1.07 124.4 
PA4 MDPA 0.600 0.682 39.8 1.04 127.3 
PB1 MDBA 0.770 0.838 25.5 1.44 93.5 
PB2 MDBA 0.700 0.819 28.5 1.44 93.0 
PB3 MDBA 0.600 0.749 31.1 1.48 92.7 
PB4 MDBA 0.500 0.643 31.9 1.39 92.3 
PC1 MDPEA 0.680 0.771 37.2 1.55 86.3 
PC2 MDPEA 0.650 0.759 40.1 1.53 86.0 
PC3 MDPEA 0.620 0.735 42.5 1.42 85.6 
PC4 MDPEA 0.580 0.686 40.5 1.40 83.7 
aRAFT copolymerizations of styrene and DMS were conducted in toluene at 80 oC, while those of styrene and each of the 
N-(3,4-methylenedioxy aryl) acrylamides (MDPA, MDBA or MDPEA) were in DMF at 80oC.  In all cases, AIBN was used 
as the initiator and DDMAT as the RAFT agent with [M]T,0:[RAFT]0:[I]0 = 600:2:1 (where [M]T,0 = [Monomer 2]0 + 
[Styrene]0, and Monomer 2 = DMS, MDPA, MDBA or MDPEA). bfstyrene represents mole fraction of styrene in thee feed, 
while Fstyrene is the mole fraction of styrene in the copolymer. Copolymer compositions of poly[N-(3,4-methylenedioxy aryl) 
acrylamide]-co-styrene samples (PA1 – PC4) were determined using 1H-NMR (DMSO-d6) by comparing the integral area 
of aromatic protons (6.25 – 7.35 ppm, 8H) to methylenedioxy protons (2H, 5.93 ppm), however for samples PC1 – PC4, 
their amide protons also fall within the integral area, 6.25 – 7.35 ppm. Whereas, for the poly(3,4-dimethoxystyrene-co-
styrene) samples (P1 – P4), aromatic protons (5.85 – 7.25 ppm, 8H) were compared to methoxy protons (3.50 – 3.90 ppm, 
6H) based on 1H-NMR (CDCl3).  cExperimental Mn and Ð values were measured by GPC using THF as the eluent. 
 
Copolymer compositions of the samples P1 – P4 were determined via 1H-NMR analysis with 
the results showing that the percent molar content of DMS was slightly higher than that in the 
starting feed (compared with Table E-1). This possibly indicates a preference for the addition 
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of DMS to the propagating radical species. However, such observation is in contrast with the 
N-(3,4-methylenedioxy aryl) acrylamide-based copolymer samples (PA1 – PC4). The 
MDPA, MDBA or MDPEA contents in the PA1 – PC4 samples were found to be significantly 
lower than their corresponding percent molar feeds. Such compositional drift was markedly 
pronounced with the samples having spacers (1-C and 2-C spacers) between the amide and 
1,3-benzodioxolyl functionalities in their N-(3,4-methylenedioxy aryl) acrylamide contents 
(PB1 – PC4). This can be attributed to the structural nature of the comonomer species used 
for the RAFT copolymerization. In addition, samples P1 – P4 and PA1 – PA4 were found to 
have a lower dispersity value (Ð ≤ 1.18, Figs E-2 & E-3) compared to PB1 – PB4 and PC1 – 
PC4 (Ð ≤ 1.55, Figs E-4 & E-5). Though this work did not establish the living characteristic 
of the RAFT process, it does suffice that the RAFT agent, DDMAT, has better chain transfer 
activities with respect to the comonomer MDPA than both MDBA and MDPEA.  This is 
because narrow dispersity is a consequence of fast initiation and rapid addition-fragmentation 
equilibria between active radical chains and dormant species (thiocarbonylthio-bearing 
chains), thereby reflecting the chain transfer activity of the RAFT agent to corresponding 
(co)monomers.  Besides, the extent of polymerization for PA1 – PA4 were comparable to 
PC1 – PC4, indicating that both copolymer systems were copolymerized at a fairy similar 
rate. 
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Figure 5-1: Representative 1H-NMR spectra of the synthesized copolymers (400 MHz in 
DMSO-d6): (a) P(DMS-co-Styrene), P3; (b) P(MDPA-co-Styrene), PA3; (c) P(MDBA-co-
Styrene), PB3; and (d) P(MDPEA-co-styrene), PC3 
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The structures of the four copolymer systems were characterized via 1H-NMR spectroscopy, 
showing the peak assignments for the repeating units and end groups (Figure 5-1). 
Comonomer ratios in the polymer backbone were also determined from the 1H-NMR spectra. 
For the poly[(3,4-dimethoxystyrene)-co-styrene] samples (P1 - P4), the ratios were calculated 
by comparing the integral of methoxy protons (3.40 - 3.80 ppm) with that of aromatic protons 
(5.96 – 7.40 ppm) (Fig. 5-1a). For the other three copolymer systems (PA1 – PA4, PB1 – 
PB4 and PC1 – PC4), the methylenedioxy protons’ peak (5.93 ppm) was compared to 
aromatic protons’ peaks (6.20 – 7.35 ppm) (Figure 1b – c). 
 
Scheme 5-2: Typical deprotection of n-(3,4-methylenedioxy aryl) acrylamide-based 
copolymers to form the catechol moiety 
Aromatic methoxy groups of copolymers, P1 – P4 and aromatic methylenedioxy groups of 
PA1 – PC4 were deprotected to their corresponding catechol equivalents using a Lewis acid 
BBr3 in DCM (Scheme 5-2). The deprotection has been established to proceed via stepwise 
mechanistic complexation of boron centers with ether oxygens, elimination of alkyl ethers 
and then hydrolysis to give their catechol equivalents.20 For P1 – P4, the deprotection was 
confirmed by the absence of methoxy -OCH3 resonances and appearance of catechol hydroxyl 
protons at 8.46 ppm (Fig. 5-2a). Similarly, the deprotected equivalents of PA1 – PC4 show 
the absent of methylenedioxy -OCH2O- resonances, but the presence of catechol hydroxyl 
protons at around 8.85, 8.74, 8.70 ppm for PA1 – PA4, PB1 – PB4 and PC1 – PC4 
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respectively (Figs. 5-2b – d). Though the aromatic methoxy groups were completely cleaved 
within an overnight reaction period as confirmed via 1H-NMR spectroscopy, cleavages of 
methylene groups of PA1 – PC4 proceeded at a slower rate, requiring at least 20 hours for 
completion. This observation is in agreement with Nguyen et al.,21 wherein it was asserted 
that cleavage of methylenedioxy protected diazonium salts requires longer reaction times 
compared to their methyl ether counterparts. 
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Figure 5-2: Representative 1H-NMR spectra of the deprotected copolymers (600 MHz in 
DMSO-d6): (a) DP(DMS-co-Styrene), DP3; (b) DP(MDPA-co-Styrene), DPA3; (c) 
DP(MDBA-co-Styrene), DPB3, and (d) DP(MDPEA-co-styrene), DPC3 
5.3.2 Underwater Adhesion Strength: Adhesive properties of the deprotected copolymers 
were investigated on submerged PVC substrates, with the DP(DMS-co-styrene) samples 
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serving as benchmarks. Polymer structure and composition is known to have significant 
impact on underwater adhesion, which is usually the balance of the adherend surface adhesion 
to the polymer molecules and cohesion within the bulk polymer molecules.22 The DP(DMS-
co-styrene) samples have molecular weights (Mw) ranging from ca. 17,000 to 19,000 g/mol 
with catechol eq content (20 – 30 mol %). While the N-(3,4-dihydroxy aryl) acrylamido-based 
samples: DP(MDPA-co-styrene), DP(MDBA-co-styrene) and DP(MDPEA-co-styrene) have 
Mw ranges 40000 – 41 000 g/mol, 37000 – 46000 g/mol and 57000 – 61000 g/mol respectively 
with catechol copolymer contents, 19.6 – 31.8 mol. %, 16.2 – 35.7 mol % and 22.9 – 31.4 mol 
%. Based on the obtained molecular weight and the copolymer compositional data, we 
reasoned any pronounced differences in adhesion strength for a given copolymer system to 
be consequences of the copolymer composition. Other factors that could affect the adhesion 
strength such as curing time, polymer concentrations and surface conditions were held 
constant. 
As earlier mentioned, the copolymer samples were dissolved in THF/chloroform (60:40, v/v, 
ρ = 1.13 g/ml) which was selected to ensure proper dissolution. The adhesion test specimens 
were then prepared in sequential order by: 1) completely submersing the PVC substrate in 
either DI-water or seawater; 2) applying 67.5 uL of the adhesive formulation (0.2 g/mL) via 
a pipette tip underwater; 3) placing another substrate atop the former to form a lap area 1.2 x 
1.2 cm2 and holding them with a paperclip clamp for 90 min; and 4) allowing to cure 
underwater for 24 hr (inclusive of the 90-min period) at room temp. Subsequently, the 
specimen was wiped dry and immediately subjected to the lap shear adhesive test by placing 
it in the grips of the Instron testing machine so that the long axis of the specimen aligned with 
the applied tensile load (failure rate: 8.3 MPa/min). The maximum load at failure for each 
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specimen was recorded and divided by its corresponding bond area to give the underwater 
adhesion strength. In all cases, the adhesion failure occurred within the bulk molecules of the 
copolymer adhesives. For the N-(3,4-dihydroxy aryl) acrylamido-based samples, deprotected 
samples PA1 and PB2 gave the maximum adhesions in DI-water and seawater respectively 
with values, 0.76 ± 0.05 and 0.90 ± 0.04 MPa (Fig. 5-3).  
With the exception of the DP(MDBA-co-styrene samples, the optimal mole percents of 
catechols in the adhesive copolymers were obtained to be 22, 20, and 27 % for DP(DMS-co-
styrene), DP(MDPA-co-styrene) and DP(MDPEA-co-styrene) respectively for the bonding of 
PVC substrates submerged in DI water. For seawater, the optimal mole percents were 
obtained as 26, 24 and 27 %. The relative higher optimal catechol content for the seawater 
adhesion is likely due to increased surface tension of the aqueous media caused by the 
presence of salt, thus requiring higher catechol content for sufficient spreading at the 
adhesive-plaque interface.13 These optimal threshold values are comparable to those obtained 
in literature that studied underwater adhesion. For instance, Zhan et al. found 27 mol % 
catechol in poly(4-vinylcatechol-co-butyl acrylate) copolymer systems (Mw = 21000 – 39000 
g/mol)17 as the optimal copolymer composition for lap-joint adhesion of polished aluminium 
substrates in water and seawater. Likewise, in North et al., 22 mol % catechol was obtained 
as the best performing polymeric adhesive in 4-vinylcatechol and styrene copolymer system 
(Mw = 76000 – 96000 g/mol).1 Beyond our obtained threshold values, the underwater bond 
strengths were observed to decrease progressively and this was not surprising given the 
overall bonding strength is a balance of the bulk cohesive forces and interfacial adhesive 
forces.23 Considering the molecular structure of the PVC substrate, interfacial adhesive forces 
constituted mainly hydrogen bonding and to a lesser extent hydrophobic interactions.23 
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Consequently, DP(MDPA-co-styrene) and DP(MDBA-co-styrene) samples performed better 
compared to DP(MDPEA-co-styrene) samples whose extended C-spacer pendant lengths 
induced a lesser quantity of hydrogen bondings at the interface. Cohesive forces within the 
bulk of the catechol-containing polymer molecules have been associated to hydrogen 
bonding, hydrophobic interaction, self crosslinking, cation-π and π-π interactions.23 Contrary 
to the seawater studies whose bulk cohesive forces could be an interplay of all the previously 
listed interactions; in the DI water, cation-π and oxidative-induced crosslinking are not 
expected since the water is relatively ion-free and no external crosslinking agents were 
introduced in the system.  
Copolymer systems without amide functionality (DP(DMS-co-Styrene)) and those with 
amide functionality but no carbon spacers (DP(MDPA-co-Styrene)) required relatively more 
fractions of catechol equivalents in their copolymer systems for adhesion in seawater 
compared to DI water (Figs. 5-3a & b). Meanwhile, for copolymer systems with carbon 
spacer(s) between the amide and catechol functionalities (DP(MDBA-co-Styrene) and 
DP(MDPEA-co-Styrene)), the optimal mole fractions of catechol in each copolymer systems 
were the same for underwater adhesion in DI water and seawater (Figs. 5-3c & d). The 
seawater had a pH ≈ 7.3 and coupled with the presence of ions; oxidative-induced crosslinking 
of the catechol functionality within the bulk molecules is most likely to occur but at a slower 
rate.17,23 More so, regarding the bulk cohesive forces, cation-π interactions are anticipated for 
the seawater only, not the DI water. These differences in interactions with respect to DI water 
and seawater, in part, may have caused a shift in the adhesive-cohesive balance required for 
maximum adhesions, hence the apparent peaking at a particular catechol content (Fig. 5-3). 
For the DP(MDBA-co-Styrene) and DP(MDPEA-co-Styrene) samples, their unchanging 
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optimal catechol mole fraction for underwater adhesion with respect to DI water and seawater 
were probably a consequence of increased hydrophobic interactions within the interface and 
the bulk owing to the carbon spacer in the polymer molecules. 
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Figure 5-3: The effect of copolymer compositions on the underwater lap-shear adhesion of 
the deprotected copolymers on PVC substrates: (a) DP(DMS-co-Styrene), (b) DP(2a-co-
Styrene), (c) DP(2b-co-Styrene) and (d) DP(2c-co-Styrene). ns ≡ P > 0.05; * ≡ P ≤ 0.05; and 
** ≡ P ≤ 0.01. 
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For comparison purposes, the prepared adhesives samples (P1, PA1 and PB1) were 
benchmarked against commercial specialty glues suited for underwater applications on 
polycarbonate substrates. These commercial glues included Gorilla glue (polyisocyanate), 
Elmer’s Ultimate (polyurethane), Lepage Marine (epoxy) and JB Weld WaterWeld (epoxy). 
The polycarbonate substrate was selected for comparisons to ensure interfacial adhesive 
forces inclusive of π-π stacking interactions, in addition to the hydrogen bonding and 
hydrophobic interactions. Notably, prior attempts to use standard glues requiring dry 
conditions were unfavorable under submerged conditions, showing an adhesion strength ≤ 0.3 
MPa in all cases. The comparison was carried out by applying the commercial specialty glues 
underwater using similar procedure as earlier mentioned, except that polycarbonate substrates 
were used instead. Curing conditions was 24 hr. underwater at room temperature and the 
testing method remains lap-shear joints based on ASTM D3163. The synthesized sample P1 
outperformed all the other adhesives, followed by the synthesized PB1. Whereas PA1 
performed less better, coming behind polyisocyanate and polyurethane glues. Cognizant of 
the failure modes of the samples which were all of cohesive nature, as well as the MW of P1 
compared to PA1 and PB1, the adhesive plaque of the P1 samples was thought to have 
resulted in relatively more hydrogen bonding, hydrophobic and π-π interactions. Hence, these 
interactions led to the observed strongest binding strength per unit plaque area. When PB1 
was compared to PA1, similar trends were also observed; expect that in addition, the PB1 
sample may have been subjected to better wettability, displacing more moisture from the 
plaque interface, owing to its higher dispersity value.24,25  Low MW mfps (MW ≈ 6 – 11 KDa) 
are known to provide wettability at interfaces, while intermediate MW mfps (Mw ≈ 20 – 110 
KDa) are usually contained within the bulk of plaques, and their presence together is what is 
131 
 
responsible for the strong adhesion, typical of mussel adhesive systems.24,26 Higher dispersity 
values are indicative of the presence of molecular weight fractions of well-varied chain 
lengths, which was observed for PB1, thus in part influencing its performance. 
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Figure 5-4: Comparison of the underwater adhesion of the synthesized adhesives against 
commercial specialty adhesives on polycarbonates substrates in DI water based lap-shear 
joint test-method.  
5.4 Conclusion 
A series of mussel-inspired adhesive copolymers that utilized N-(3,4-dihydroxy aryl) 
acrylamides as mimics of L-Dopa and styrene as a protein backbone were synthesized to 
varying copolymer compositions using RAFT chemistry and Lewis acid deprotection 
approaches. Comparing the RAFT copolymerization of styrene with each of the protected 
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acrylamides, the N-(3,4-methylenedioxy phenyl) acrylamido-based copolymer readily 
resulted in narrower dispersity, whereas those of N-(3,4-methylenedioxy benzyl) acrylamide 
and N-(3,4-methylenedioxy phenylethyl) acrylamide were broader.  Furthermore, cleavage of 
aromatic methylenedioxy functionalities of the protected copolymers proceeded at a slower 
rate compared to aromatic methyoxy counterparts. The underwater adhesive study 
demonstrated the implication of the presence of spacer(s) between catechol and amide 
functionalities of the deprotected copolymers as change in hydrophobicity of the copolymers, 
thus causing a shift in the adhesive-cohesive balance required for maximum adhesion. This 
ultimately led to the difference in the optimal mole fraction of catechol in an adhesive 
copolymer for best performance. The N-(3,4-dihydroxy aryl) acrylamido-based copolymer 
adhesives resulted in about 25% increased adhesive strength compared to commercially 
available specialty underwater glues on polycarbonate substrates. 
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Chapter 6 Conclusion and Recommendations 
6.1 Conclusion 
The versatility of combining reversible addition-fragmentation transfer mechanisms with 
catechol chemistry has been demonstrated by incorporating catechol moiety as end-group of 
trithiocarbonate RAFT agents and as functional monomers, resulting in new hybrid materials 
for a range of water-based applications. These applications include flocculation and 
adsorption processes.  
The living characteristics and chain transfer activities of a series of catechol-end RAFT agents 
were established with respect to radical polymerization of acrylamido-based monomers. More 
so, the reactivity ratios of comonomer species (NIPAM and DMAm), whose RAFT 
copolymerization was mediated with the catechol RAFT agents, were determined via non-
linear fittings of the integral form of Meyer-Lowry equation. 
As fundamental studies towards the development of fast-settling flocculent materials, catechol 
end-functionalized polyacrylamides were anchored to alumina nanoparticle using “grafting 
to” approach, to give Al2O3-PAM nanocomposites whose binding was found to be displayed 
hydrolytically and thermally stable. Having established that catechol-end functionalization 
provides suitable and facile routes for the synthesis of 2D and 3D hybrid materials by 
providing stable tethering, there are need to ensure that the linkages do not impact the final 
properties of the materials. The effect of catechol linking group was explored for phase 
transition properties of poly(DMAm-co-NiPAM) samples based on their LCST behaviour, 
and was observed as insignificant, provided the catechol only exist as end-group. 
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For the catechol end-functionalized monomer, a series of tunable graphene oxide-nanosphere 
assemblies (GO-Poly(styrene-co-DHPMA)) with multi-functionalities were successfully 
designed as absorbent materials using RAFT approach and catechol binding chemistry. Prior 
RAFT syntheses of the copolymers were first achieved and then morphologically transformed 
by exposing catechol-derived functionality as the corona of a polymeric nanosphere and 
subsequently bound to GO nanoparticles.  The resulting assemblies were observed to 
promotes a variety of molecular separation interactions, making them excellent adsorbent 
materials for emerging organic contaminants like methylene blue and tebuconazole. 
Biomimetic-inspired copolymeric adhesives based on styrene and N-(3,4-dihydroxy aryl) 
acrylamide copolymer systems were successfully designed and prepared via RAFT synthetic 
chemistry and Lewis acid deprotection approach.  Probing of the role of their amide 
functionality and carbon spacers on the strength of PVC and polycarbonates underwater 
adhesion evidenced the changing interfacial adhesive-bulk cohesive balance requirement for 
maximum adhesion. This ultimately impacts the mole fraction of catechol functionalities in 
copolymers necessary for optimal performance, defining on the overall interplay of all 
participating molecular interactions (adhesion and cohesion forces).  
6.2 Future Works and Recommendations 
The actual chain transfer coefficients of the catechol-end RAFT agents need to be determined 
using experimental dispersity data1 or electron spin resonance (ESR)-trapping methodology,2 
as opposed to the apparent values reported in this thesis. The experimental dispersity data 
methodology relies on numerical solutions to analytical expressions for the dispersity value 
at specific monomer conversions. While, the ESR trapping methodology allows one to 
monitor concentrations of radical species, in addition to those of CTA and monomer species, 
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hence the rate constants for the RAFT kinetics can be determined and readily converted to 
yield the chain transfer coefficients.  
The polymeric segment of the Al2O3-PAM nanocomposites could be prepared qualitatively 
as uniformly disperse high molecular weights3 to promote their suitability as flocculant 
materials for oil-affected waste water.  
In the case of the LCST behaviour of catechol end-functionalized poly(DMAm-co-NIPAM) 
samples, probing of the effect of catechol linkages on the resulting properties of hybrid 
materials requires tethering of the functionalized copolymers to nanoparticles and subsequent 
investigation of their LCST behaviour. 
Though graphene oxide poly(styrene-co-DHPMA) assemblies were successfully synthesized 
and explored as adsorbent materials for the removal of organic contaminants (methylene blue 
and tebuconazole), their bulk synthesis remains a challenge for commercial scale applications. 
More so, surface areas and adsorption isotherms of the GO-based assemblies need to be 
determined for ensure further insights on their adsorption mechanisms.4  
Other factors like curing time, crosslinking agents, nature of substrates need to be evaluated 
against the novel adhesive copolymers for better insights on how amide functionality may 
play a role in complementing catechol-induced adhesion. More so, given that amide is an 
established stiffening group, the mechanical and chemical properties of fresh and cured 
copolymer adhesive plaques should be compared to those without amides. 
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Appendix B: Supporting Information for Chapter 2 
Adhesive RAFT Agents for Controlled Polymerization of Acrylamide: Effect 
of Catechol-end R Groups 
B.1 Results (Supplementary) 
B.1-1 Characterization of synthesized Dopa-CTAs (3a-c) 
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Figure B-1. Complete 1H NMR spectra of (1a) DDMAT (600 MHz, @ 25oC) 
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Figure B-2. 13C NMR spectra of (bottom) dopamine hydrochloride, (1a) DDMAT, (2a) 
Suc-DDMAT and (3a) Dopa-DDMAT in CDCl3 (100 MHz, @ 25
oC) 
 
Figure B-3. gHSQC NMR spectrum of Dopa-DDMAT (3a) in CDCl3 (100 MHz, @ 25
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Figure B-4.1H NMR Spectra of (1b) DoPAT, (2b) Suc-DoPAT and (3b) Dopa-DoPAT in 
CDCl3 (600 MHz, @ 25
oC) 
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Figure B-5.1H NMR Spectra of (1c) CDSPA, (2c) Suc-CDSPA and (3c) Dopa-CDSPA in 
CDCl3 (600 MHz, @ 25
oC) 
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Figure B-6. 13C NMR of (1b) DoPAT, (2b) Suc-DoPAT and (3b) Dopa-DoPAT in CDCl3 
(100 MHz, @ 25oC) 
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Figure B-7. 13C NMR of (1c) CDSPA, (2c) Suc-CDSPA and (3c) Dopa-CDSPA in CDCl3 
(100 MHz, @ 25oC) 
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Figure B-8. ATR-FTIR spectra of (1a) DDMAT, (2a) Suc-DDMAT and (3a) Dopa-
DDMAT 
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Figure B-9. ATR-FTIR Spectra of (1b) DoPAT, (2b) Suc-DoPAT and (3b) Dopa-DoPAT 
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Figure B-10. ATR-FTIR Spectra of (1c) CDSPA, (2c) Suc-CDSPA and (3c) Dopa-CDSPA
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Figure B-11. UV-vis absorbance spectra of 0.05 mM each of (1a, black) DDMAT, (2a, red) 
Suc-DDMAT and (3a, blue) Dopa-DDMAT in MeOH 
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Figure B-12. UV-vis absorbance spectra of 0.05 mM each of (1b, black) DoPAT, Suc-
DoPAT (2b, red) and (3b, blue) Dopa-DoPAT in MeOH 
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Figure B-13. UV-vis absorbance spectra of 0.05 mM each of (1c, black) CDSPA, (2c, red) 
Suc-CDSPA and (3c, blue) Dopa-CDSPA in MeOH 
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B.1-2 Characterization of catechol functionalized polyacrylamide samples (Dopa-PAM 4a-
c) from the RAFT process 
Table B-1: RAFT Polymerization of acrylamide mediated with Dopa- CTAs 
Dopa-CTA (3) Time (min) Mn,GPC Mn,NMR* Mw/Mn 
(3a) 60 14800 14400 1.19 
(3b) 60 13900 10600 1.21 
(3c) 60 9400 8500 1.21 
Reaction conditions: [AM]0:[Dopa-CTA]0:[ACVA]0 = 2500:5:1, Solvent = 24.5 mL DMSO/DMF (97:3, vol%), 
Temp = 70oC, [AM]0 = 2M. *Mn values determined by end-group analysis of the 1H NMR spectra  
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Figure B-14: GPC DRI Chromatograms of catechol end-functionalized polyacrylamide 
(Dopa-PAM) synthesized with (a) Dopa-DDMAT, (b) Dopa-DoPAT and (c) Dopa-CDSPA  
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B.1-3 In-situ 1H-NMR studies of the RAFT polymerization Process 
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Figure B-15. Selected stacked 1H-NMR spectra for RAFT polymerization of acrylamide at 
70oC in DMSO-d6 using Dopa-DoPAT (3b). The time intervals from bottom to top are 0.0, 
2.5, 4.0, 5.0, 7.0, 9.0 min 
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Figure B-16. Selected stacked 1H-NMR spectra for RAFT polymerization of acrylamide at 
70oC in DMSO-d6 using Dopa-CDSPA (3c). The time intervals from bottom to top are 0.0, 
11.5, 13.5, 19.5, 21.0, 34.0, 36.0 min 
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B.1-4 Investigation of the presence of catechol moiety for the synthesis of Al2O3-PAM 
nanocomposite (grafting to approach) 
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Figure B-17. 1HNMR spectrum of the synthesized DPAM (4a) in D2O (600 MHz, @ 25
oC) 
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Figure B-18. 13C NMR spectrum of the synthesized DPAM (4a) in D2O (100 MHz, @ 
25oC) 
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Appendix C: Supporting Information for Chapter 3 
Designing Catechol-End Functionalized Poly(DMAm-co-NIPAM) by RAFT 
with Tunable LCSTs 
C.1  Experimental section (supplementary) 
C.1-1 Experimental conditions for the in-situ RAFT copolymerization processes 
Table C-1: In-situ 1H-NMR RAFT Copolymerization of N,N-Dimethylacrylamide and N-
Isopropylacrylamideᵻ 
Exp. 
No 
Dopa-CTA 
(mg) 
DMAm 
(µl) 
NIPAM 
(mg) 
1,3,5-
Trioxane 
(mg) 
[M1]0:[M2]0:[CTA]0:[I
]0 
1 27.11 (CTA1) 104.1 39.1 5.91 100:33:5:1 
2 27.15 (CTA1) 69.4 78.1 4.31 67:67:5:1 
3 27.18 (CTA1) 34.7 116.9 4.89 33:100:5:1 
4 27.80 (CTA2) 69.7 77.8 5.11 67:67:5:1 
5 27.91 (CTA2) 104.1 38.9 5.00 100:33:5:1 
6 27.70 (CTA2) 34.8 116.7 5.31 33:100:5:1 
ᵻAll polymerization reactions were carried out with either Dopa-DoPAT (CTA1) or Dopa-DDMAT (CTA2) as the chain 
transfer agent (CTA), ACVA as the initiator and DMSO-d6 as the solvent in a LPV tube at a temperature of 65oC. For each 
polymerization, [ACVA] = 0.01 mmol, DMSO-d6 = 0.595 g and polymerization time ≈ 2 hr. 
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C.1-2 Experimental conditions for the Batch RAFT copolymerization processes 
Table C-2: Batch RAFT Copolymerization of N,N-Dimethylacrylamide and N-
Isopropylacrylamideᵻ 
Exp. 
No 
Dopa-DDMAT 
(mg) 
DMAm 
(M1, mL) 
NIPAM 
(M2, g) 
1,3,5-Trioxane 
(mg) 
[M1]0:[M2]0:[CTA]0:[I]0 
1 41.4 1.171 0.4375 15.0 750:250:5:1 
2 41.4 0.781 0.8749 14.9 500:500:5:1 
3 41.3 0.391 1.3124 15.0 250:750:5:1 
4 41.3 0.000 1.7495 15.1 0:1000:5:1 
ᵻPolymerization reactions were carried out with Dopa-DDMAT as the chain transfer agent (CTA), ACVA as the initiator 
and DMSO as the solvent at a temperature of 65oC. For each polymerization, [ACVA]0 = 0.015 mmol, DMSO = 5 mL and 
polymerization intervals =   1, 2, 3 and 4 hr. 
 
C.2  Analysis  
C.2-1 Expressions for the determination of reactivity ratios 
[𝑁𝐼𝑃𝐴𝑀] = 𝑘 (
[DMAm]
[𝑁𝐼𝑃𝐴𝑀]
)
𝑟𝑁𝐼𝑃𝐴𝑀
(1−𝑟𝑁𝐼𝑃𝐴𝑀) (1 − 𝑟𝑁𝐼𝑃𝐴𝑀 + (𝑟𝐷𝑀𝑎𝑚 − 1) (
[𝐷𝑀𝐴𝑚]
[𝑁𝐼𝑃𝐴𝑀]
))
(𝑟𝐷𝑀𝑎𝑚𝑟𝑁𝐼𝑃𝐴𝑀−1)
(1−𝑟𝐷𝑀𝑎𝑚)(1−𝑟𝑁𝐼𝑃𝐴𝑀)
      
            eq. C-1 
 
𝑘 = [𝑁𝐼𝑃𝐴𝑀]0 (
[NIPAM]0
[𝐷𝑀𝐴𝑚]0
)
𝑟𝑁𝐼𝑃𝐴𝑀
(1−𝑟𝑁𝐼𝑃𝐴𝑀) (
1
1−𝑟𝑁𝐼𝑃𝐴𝑀+(𝑟𝐷𝑀𝑎𝑚−1)(
[𝐷𝑀𝐴𝑚]0
[𝑁𝐼𝑃𝐴𝑀]0
)
)
(𝑟𝐷𝑀𝑎𝑚𝑟𝑁𝐼𝑃𝐴𝑀−1)
(1−𝑟𝐷𝑀𝑎𝑚)(1−𝑟𝑁𝐼𝑃𝐴𝑀)
                   
 eq. C-2 
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C.2-2 Determination of shift factors and reactivity ratios 
Table C-3: Shift factors used for obtaining global data (Dopa-CTA mediated in-situ NMR 
polymerizations) 
Shift factor 
DopaDoPAT mediated 
polymerizationa 
DopaDDMAT mediated 
polymerizationa 
[DMAm]0:
[NIPAM]0 
ID 
NA - - 75:25 model 1 
𝑝1 =
[𝑁𝐼𝑃𝐴𝑀]𝑚𝑜𝑑𝑒𝑙 2
[𝑁𝐼𝑃𝐴𝑀]𝑚𝑜𝑑𝑒𝑙 1
 18.74 (0.281) 18.89 (0.300) 50:50 model 2 
𝑝2 = 𝑝1×
[𝑁𝐼𝑃𝐴𝑀]𝑚𝑜𝑑𝑒𝑙 3
[𝑁𝐼𝑃𝐴𝑀]𝑚𝑜𝑑𝑒𝑙 2
 157.66 (0.855) 174.33 (0.829) 25:75 model 3 
a 
Common [DMAm]/[NIPAM] ratios from which the shift factors were estimated are contained in parentheses 
 
Table C-4: Reactivity ratios for in-situ 1H-NMR RAFT copolymerization of DMAm and 
NIPAM  
DopaDoPAT r(DMAm) r(NIPAM) r2 DopaDDMAT r(DMAm) r(NIPAM) r2 
75:25 1.233 0.394 0.994 75:25 1.333 0.518 0.997 
50:50 1.243 0.480 0.999 50:50 1.283 0.491 0.998 
25:75 1.124 0.508 0.996 25:75 1.121 0.504 0.994 
Overall 1.285 0.461 0.997 Overall 1.310 0.499 0.998 
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Fig. C-1. Variation of [NIPAM] with [DMAm]/[NIPAM] ratio during RAFT Polymerizations 
mediated with: (1) Dopa-DoPAT and (2) Dopa-DDMAT, for three different initial co-
monomer feed ratios (FDMAm = 0.25, 0.50, 0.75) 
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Fig. C-2. Peak assignments used for analyzing the 1H-NMR spectra of the in-situ RAFT 
copolymerization of DMAm and NIPAM mediated with Dopa-DDMAT. For the spectra of 
the in situ RAFT polymerization: [M]T,0:[Dopa-CTA]0:[ACVA]0 = 133:5:1 where [M]T,0 = 
[DMAM]0 + [NIPAM]0; [DMAm]0:[NIPAM]0 = 50:50, solvent = DMSO-d6, time = 0 min)* 
*The concentration of DMAm was based on the average of the integrals of d1 and d3, while 
the concentration of NIPAM was based on the average of the integrals of n1 and n3. 
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Fig. C-3. Compositional diagram for DMAm and NIPAM RAFT copolymerization based on 
(a) Dopa-DoPAT; and b) Dopa-DDMAT. *Estimated based on Mayo-Lewis Equation using 
the determined rDMAm and rNIPAM values from the combined data. 
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C.2-3 Characterization of catechol-functionalized poly(DMAm-co-NIPAM) samples 
 
Fig. C-4. GPC Chromatograms for series of D25 samples (60, 120, 180 and 240 min). 
 
 
Fig. C-5. GPC Chromatograms for series of D50 samples (60, 120, and 180 min). 
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Fig. C-6. GPC Chromatograms for series of D75 samples (60, 120, 180 and 240 min). 
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Fig. C-7: Typical 13C-NMR spectra for a catechol-end functionalized poly(DMAm-co-
NIPAM) sample (Mn, GPC = 20800, Ð = 1.02; 400 MHz, CDCl3).  
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Fig. C-8. DSC thermographs for the synthesized poly(DMAm-co-NIPAM) samples 
indicating their glass transition temperatures. 
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C.3 Synthesis of aryl-end functionalized RAFT agent (2) 
 
 
Materials: 2-Phenethylamine (≥ 99 %) was obtained from Aldrich, CA. Sodium sulfate was 
purchased from the Caledon Laboratory, CA. Diethyl ether and dichloromethane (99.8 %) 
solvents were also purchased from the Caledon Lab. 2,5-dioxopyrrolidin-1-yl 2-
(((dodecylthio)carbonothioyl)thio)-2-methylpropanoate (SucDDMAT, 1) was prepared using 
the procedure described elsewhere.1  
Dodecyl (2-methyl-1-oxo-1-(phenethylamino)propan-2-yl) carbonotrithioate, (2): 2-
Phenethylamine (61.1 µL, 0.48 mmol) and SucDDMAT (1, 0.18 g, 0.39 mmol) were 
dissolved in dried DCM  (5.5 mL, dried with Na2SO4) and allowed to react for 48 hr by stirring 
at room temperature under argon. The DCM solvent was removed via rotavap and then diethyl 
ether (5 mL) was added to the remaining residue. This mixture was sequentially washed with 
3 % HCl (2 x 3.5 mL), H2O (2 x 3.5 mL) and brine (2 x 3.50 mL) before drying with a Rotavap 
to obtain the final product as viscous yellow liquid (67 %).  
1H-NMR (400 MHz, CDCl3) δ (ppm): 0.89 (t, J=7.0 Hz, 3 H), 1.21 - 1.34 (m, 16 H), 1.35 - 
1.44 (m, 2 H), 1.66 (s, 8 H), 2.79 (t, J=7.0 Hz, 2 H), 3.27 (t, J=7.5 Hz, 2 H), 3.49 (td, J=7.0, 
5.8 Hz, 2 H), 6.52 (br. s., 1 H), 7.17 (dd, J=7.67, 1.04 Hz, 2 H) 7.23 (d, J=7.46 Hz, 1 H) 7.27 
- 7.33 (m, 2 H). 13C NMR (100 MHz, CDCl3) δ (ppm): 14.1, 22.7, 25.8, 27.7, 29.0, 29.1, 29.3, 
29.4, 29.5, 29.6, 31.9, 35.4, 37.1, 41.4, 57.1, 126.4, 128.6, 128.7, 138.9, 172.3, 220.0. 
 
 
 
 (1) Oyeneye, O. O.; Xu, W. Z.; Charpentier, P. A. Adhesive RAFT agents for controlled 
polymerization of acrylamide: effect of catechol-end R groups. RSC Advances 2015, 5, 76919-76926. 
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C.4 Oxidation of catechol-end functionalities of the poly(DMAm-co-NIPAM) samples 
 
Fig. C-9. Pictorial views of poly(DMAm-co-NIPAM) copolymer samples dissolved in buffer 
solutions (0.5 wt %)*: With catechol functionalities (a) pH 5.5; (b) pH 8.5; Without catechol 
functionalities (c) pH values 5.5 and 8.5 after 4 hr, and (d) pH values 5.5 and 8.5 after 24 hr. 
*Mn, NMR values for the catechol functionalized samples: D00, D25, D50, D75 are 21100, 
19000, 25700 and 21500 g/mol respectively, while FDMAm values for D00, D25, D50, D75 are 
0.0, 27.2, 54.4 and 79.6 %. The Mn,NMR and FDMAm values for ND75 are 14800 g/mol and 
74.5%. 
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Appendix D: Supporting Information for Chapter 4 
Graphene Oxide poly(styrene-co-DHMPA) assemblies by RAFT 
Polymerization for Catechol-based Adsorbentsᵻ 
D.1 Experimental section (supplementary) 
D.1-1 Synthesis of N-(3,4-dihydroxyphenethyl)methacrylamide (DHPMA): Dopamine HCl 
(5g, 26.4 mmol) was dissolved in a previously degassed supersaturated solution comprised of 
sodium borate decahydrate (10g), sodium bicarbonate (4 g) and 100 mL distilled water. The 
degassing was done by bubbling argon into the solution for 20 min. Following the dissolution, 
a methacrylic anhydride solution (4.7 mL methacrylic anhydride in 25 mL THF) was prepared 
and added dropwise to the reaction flask under argon bubbling, with simultaneous dropwise 
addition of 2M NaOH solution to maintain a pH ≥ 8. The reaction was then allowed to react 
at room temperature under continuous stirring and argon bubbling for 15 hr. The formed slurry 
was filtered off; the filtrate washed with ethyl acetate (2 x 50 mL) and acidified to pH 1 with 
6M HCl solution.  The wanted portion was then extracted with ethyl acetate (3 x 50 mL), 
dried over anhydrous Na2SO4 and the solvent removed under reduced pressure to give grey 
crystals. These crystals were then washed with H2O (3 x 10 mL) and diethyl ether (several 
times), and vacuum dried at 40oC for three days, giving the final product as light grey powders 
(yield = 63%). DHPMA: 1H NMR (400 MHz, DMSO-d6) δ (ppm): 1.83 (s, 3 H, 
CH3C(=CH2)), 2.54 (t, J=7.70 Hz, 2 H, NHCH2CH2), 3.16 - 3.26 (m, 2 H, NHCH2CH2), 5.30 
(s) & 5.61 (s) (2 H, CH3C(=CH2)), 6.42 (dd, J=8.01, 2.15 Hz, 1 H, ArC-H(m-OH)), 6.57 (d, 
J=2.34 Hz, 1 H, ArC-H(o-OH)), 6.62 (d, J=7.82 Hz, 1 H, ArC-H(o-OH)), 7.95 (t, J=5.47 Hz, 
1 H, NHCH2CH2), 8.65 (s) & 8.77 (s) (2 H, Ar-OH). 
13C NMR (150 MHz, DMSO-d6) δ (ppm): 
18.7 (CH3C(=CH2)), 34.6 (NHCH2CH2), 41.0 (NHCH2CH2), 115.5 &116.0 (ArC-H(o-OH)), 
118.8 (CH3C(=CH2), 119.2 (ArC-H(m-OH)), 130.3 (CH2CH2-ArC), 140.1 (CH3C(=CH2)) 
143.5 & 145.1 (ArC-OH), 167.4 (C(=O)NH). 
D.1-2 Instrumentation: X-ray photoelectron spectroscopy (XPS) analyses were performed 
on a Kratos AXIS Ultra spectrometer using a monochromatic Al Kα radiation (1487eV). 
High resolution XPS analyses were carried out with an analysis area of 300 µm x 700 µm 
and a pass energy of 20 eV. Samples were mounted on a nonconductive double-sided 
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adhesive carbon tape with a Kratos charge neutralizer system used on all specimens. Spectra 
were analyzed using CasaXPS software (version 2.3.14). 
 
D.1-3 Experimental conditions for RAFT copolymerization of DHMPA and Styrene 
Table D-1: RAFT copolymerization of dopamine methacrylate and styreneᵻ 
S/N Dopamine methacrylate, M1 (g) Styrene, M2 (µL) [M1]0:[M2]0* 
1 0.2961 520 23:77 
2 0.5133 404 40:60 
3 0.8340 246 63:37 
4 0.9623 169 75:25 
ᵻAll polymerization reactions were carried out with DopaDDMAT as the chain transfer agent (CTA) and AIBN as the 
initiator in a DMF solvent at 80oC. For each polymerization, [AIBN]0 = 0.029 mmol, [Dopa-DDMAT]0 = 2 x [AIBN]0, 
DMF = 0.7 mL and polymerization time = 48 hr. *confirmed via 1H-NMR 
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D.1-4 UV Calibration for the methylene blue dye and tebuconazole contaminants 
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Figure D-1: UV spectra for different contaminants at various concentrations in deionized 
water: a) methylene blue; and b) tebuconazole 
 
 
Figure D-2: Calibration curves for the contaminants in DI water: a) methylene blue (664.0 
nm); and b) Tebuconazole (220.5 nm) 
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D.2 Results (supplementary) 
D.2-1 Determination of reactivity ratio 
Table D-2: Extended Kelen–Tüdös parameters for the poly(DHMPA-co-Styrene) samples 
𝑋 =
𝑓𝐷𝐻𝑀𝑃𝐴
1 − 𝑓𝐷𝐻𝑀𝑃𝐴
 𝑌 =
𝐹𝐷𝐻𝑀𝑃𝐴
1 − 𝐹𝐷𝐻𝑀𝑃𝐴
 C (wt %) Z G'= (Y-1)/Z H'=Y/Z2 𝜂′ =
𝐻′
𝛼 + 𝐻′
 𝜉′ =
𝐺′
𝛼 + 𝐻′
 
0.299 0.493 0.478 2.064 -0.246 0.116 -0.208 0.098 
0.667 0.852 0.463 1.400 -0.106 0.435 -0.070 0.289 
1.703 1.174 0.412 0.598 0.291 3.279 0.067 0.754 
3.000 1.500 0.339 0.390 1.281 9.849 0.117 0.902 
C = weight conversion of copolymerization 
𝑍 =
log(1−𝜁𝐷𝐻𝑀𝑃𝐴)
log (1−𝜁𝑆𝑡𝑦)
, where 𝜇 =
𝑆𝑡𝑦𝑟𝑒𝑛𝑒 𝑀𝑊
𝐷𝐻𝑀𝑃𝐴 𝑀𝑊
; 𝜁𝑆𝑡𝑦 =
C(𝜇+𝑋)
(𝜇+𝑌)
 ; 𝜁𝐷𝐻𝑀𝑃𝐴 = 𝜁𝑆𝑡𝑦(𝑌/𝑋), ζ is the partial molar conversion of the 
corresponding monomer 
𝛼 = (𝐻𝑚𝑖𝑛
′ 𝐻𝑚𝑎𝑥
′ )0.5 = 1.0671 
 
 
  
Figure D-3. Extended Kelen-Tüdӧs methods for determining reactivity ratios of N-(3,4-
dihydroxyphenethyl) methacrylamide and styrene under RAFT copolymerization processes 
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D.2-2 Some physical properties of the graphene oxides 
 
Figure D-4. Graphene oxide: a) dispersed in deionized water for 120 days (b) as 
synthesized 
  
(a) (b) 
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D.2-3 XPS analysis of the GO-DHMPA 
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Figure D-5. High-resolution XPS scan of GO-DHMPA63 and GO-DHMPA63_control (a) 
O 1s regions for GO-DHMPA63, (b) N 1s regions for GO-DHMPA63, (c) O 1s regions for 
GO-DHMPA63_control, and (d) O 1s regions for GO-DHMPA63_control 
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D.2-4 Adsorption study 
  
Figure D-6. Kinetic plots for adsorptive removal of methylene blue and tebuconazole from 
contaminated water: a) pseudo-first-order kinetic model and b) pseudo-second-order kinetic 
model 
 
  
y = -0.0042x + 2.3296
R² = 0.9287
y = -0.0033x + 2.4573
R² = 0.9514
-5
-4
-3
-2
-1
0
1
2
3
4
0 250 500 750 1000 1250 1500
Lo
g e
(q
e
-
q
t)
Time (min)
Methylene Blue Tebuconazole
y = 0.0396x + 0.883
R² = 0.9995
y = 0.0525x + 3.6123
R² = 0.9964
0
10
20
30
40
50
60
70
80
90
0 250 500 750 1000 1250 1500
t/
 q
t
Time (min)
Methylene Blue Tebuconazole (b)(a) 
 173 
 
Appendix E: Supporting Information for Chapter 5 
N-(3,4-dihydroxy aryl) Acrylamido-based Copolymers as Underwater 
Adhesives in Saline Environment 
E.1 Experimental section (supplementary) 
Table E-1: Polymerization parameters and characteristics of the copolymer samples 
Entry Comonomer 
Molar feed ratio (%) 
Mn (Da) dispersity, Ð dn/dc 
Styrene Comonomer 
P1 DMS 80 20 16430 1.18 0.182 
P2 DMS 76 24 15370 1.16 0.178 
P3 DMS 73 27 14385 1.12 0.183 
P4 DMS 70 30 14229 1.10 0.180 
PA1 MDPA 77 23 35007 1.15 0.175 
PA2 MDPA 70 30 38260 1.10 0.172 
PA3 MDPA 65 35 38368 1.07 0.166 
PA4 MDPA 60 40 39819 1.04 0.169 
PB1 MDBA 77 23 25503 1.44 0.152 
PB2 MDBA 70 30 28466 1.44 0.136 
PB3 MDBA 60 40 31111 1.48 0.134 
PB4 MDBA 50 50 31887 1.39 0.118 
PC1 MDPEA 68 32 37152 1.55 0.135 
PC2 MDPEA 65 35 40098 1.53 0.121 
PC3 MDPEA 62 38 42528 1.42 0.117 
PC4 MDPEA 58 42 40510 1.40 0.110 
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E.2 Results (supplementary) 
E.2-1 Characterization of synthesized N-(3,4-methylenedioxy aryl) acrylamide monomers 
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Figure E-1. 1H NMR spectra of the synthesized N-(3,4-methylenedioxy aryl) acrylamides 
(600 MHz, CDCl3): N-(3,4-methylenedioxy phenyl) acrylamide (MDPA), N-(3,4-
methylenedioxy benzyl) acrylamide (MDBA) and N-(3,4-methylenedioxy phenethyl) 
acrylamide (MDPEA). 
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E.2-2 GPC Analysis of the RAFT synthesized protected copolymers  
 
Figure E-2: GPC Chromatograph for the synthesized P(DMS-co-styrene), sample P4 
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Figure E-3: GPC Chromatograph for the synthesized P(MDPA-co-styrene), sample PA3 
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Figure E-4: GPC Chromatograph for the synthesized P(MDBA-co-styrene), sample PB3 
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Figure E-5: GPC Chromatograph for the synthesized P(MDPEA-co-styrene), sample PC1 
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Appendix F: Copyright 
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Appendix G: Curriculum Vitae 
HIGHLIGHT 
▪ Over nine-year research and teaching experience with emphasis on the development of advanced 
materials and technologies for water and wastewater solution; 
▪ Proven competence in the synthesis and characterization of (co)polymers, films, resins and polymeric 
inorganic nanocomposites; 
▪ In-depth understanding of water and wastewater treatment technology, with proven knowledge of 
environmental biotechnology and nanotechnology; 
▪ Experience in bio-electrochemical systems for bio-hydrogen and bio-methane productions 
▪ Established familiarity with bioremediation and hazardous waste management; 
▪ Computer proficiency with statistical, numerical modelling and programming experiences; 
▪ Adept at learning new concepts quickly, critical thinking and multitasking; 
▪ Impressive interpersonal, communication and organizational skills; and 
▪ Excellent presentation and technical writing skills. 
RESEARCH EXPERIENCE 
Research Assistant                               2012 - Present 
Department of Chemical & Biochemical Engineering, UWO 
▪ Develop and supervise training sessions for over 50 students on the use of SEC and NMR spectroscopy 
for the characterization of (co)polymers and organic compounds 
▪ Impregnate polymers into the matrix of softwood under SCF conditions for improved strength, stability 
and durability 
▪ Develop, validate and optimize workup procedures for organic synthesis, controlled polymerization 
and polymeric inorganic nanocomposites production, and standard operating procedures and methods 
for material characterization.  
▪ Utilize several separation techniques for purification and isolation of synthesized products: Rotavap, 
distillation, dialysis, solvent extraction, membrane technologies, column chromatography, etc 
▪ Prepare presentations, reviews, manuscripts and technical reports for progress evaluation and 
publications in peer-reviewed Journals and proceedings  
▪ Characterize materials combining polymer chemistry and nanotechnology via spectroscopy (UV-Vis, 
FTIR, NMR, DLS, XPS), chromatography (SEC), thermal analysis (TGA, DTA, DSC) and microscopy 
(SEM, TEM) techniques  
▪ Conduct treatment procedures and check water quality parameters (DO, TDS, turbidity, COD, etc.) to 
evaluate treatment procedures, and the efficacy of synthesized materials.  
Research Assistant                 2012 - 2012 
Department of Civil & Environmental Engineering, UWO 
▪ Designed and implemented a combined biological and bio-electrochemical system for anaerobic and 
anoxic bio-hydrogen production, adapting BioWin application package for process optimization 
▪ Setup, run and managed both batch and continuous mode systems for bio-hydrogen and bio-methane 
production 
▪ Growth-cultured exo-electrogens for the enrichment of microbial electrolysis systems 
▪ Carried out colorimetric, spectrophotometric, and electrochemical analyses on biological and bio-
electrochemical systems 
▪ Conducted literature reviews and prepared progress report on experimental works 
 182 
 
Research Associate (PT)                2010 - 2011 
Edmonton Waste Management Centre of Excellence, Edmonton, AB  
▪ Conducted trial experiments on compost technology with team of researchers 
▪ Collated and compiled field experimental data on behalf of senior researchers 
Lecturer                                             2008 - 2010 
Department of Agricultural & Environmental Engineering, FUTA 
▪ Assisted teams of senior researchers in projects related to agronomy, hydrology and soil mechanics 
▪ Collated, analyzed and interpreted collections of experimental and survey data for empirical research 
outputs 
▪ Wrote proposals, reports and manuscripts for presentation and publication 
▪ Conducted laboratory and field scale research works with experience sampling soils, surface water and 
groundwater 
▪ Handled gas chromatography, UV spectrophotometer, turbidity meter, Tyler sieve, treatment unit 
process apparatus, bio-molecular equipment and microbial assay 
▪ Recommended and initiated the use of Pipe Flow Expert software as teaching tool for solving complex 
pipe network system for undergraduate tutorials 
▪ Analyzed and interpreted analytical reports from laboratory experiments 
▪ Organized and graded undergraduate tutorials and laboratory exercises 
Statistical Analyst (PT)                                      2008 – 2010 
Federal University of Technology, Akure 
▪ Demonstrated competence in data management by designing, building and populating research 
databases and spreadsheets 
▪ Researched, collected and compiled relevant data from various sources in appropriate formats in 
accordance to client needs 
▪ Developed charts, models and tables to present data in user-friendly formats with packages: OriginPro, 
Sigmaplot, SPSS, Minitab and Statsoft 
▪ Assessed and optimized the operation of existing production processes with Solver tool resulting in 
increased outputs 
▪ Modeled and simulated a number of systems associated with  soil and water conservation 
▪ Organized and coordinated training sessions to educate clients on developed models 
▪ Carried out rigorous analyses on field and experimental data 
▪ Prepared reports for clients 
TEACHING EXPERIENCE 
Teaching Assistant, Department of Chemical & Biochemical Engineering, UWO               2012 – 2017 
Courses:   Applied Mathematics for Engineers I (AM1413) 
Industrial Organic Chemistry (CBE 2206A) 
Computation Method for Engineers (CBE 2291B) 
Polymer and Nano-reactor Engineering (CBE 9455A) 
Green Chemistry II (GPE 2214B) 
Green Process Engineering Lab (GPE 3395) 
Lecturer, Department of Agricultural Engineering, FUTA                               2008 – 2009 
Courses: Basic Hydraulics  
Basic Hydrology  
▪ Recommended and initiated the use of Pipe Flow Expert software as a teaching tool for solving 
complex pipe network system 
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Teacher, Government Secondary School, Baure Local Government, Katsina                    2007 – 2008 
Courses:  Agricultural Science and Geography (High-school students) 
 
VOLUNTEER EXPERIENCE 
▪ Board of Director, African Canadian Federation of London & Area (ACFOLA) (2015 - 2017)  
▪ Vice-President, Chemical & Biochemical Engineering Graduate Student, Western (2015 - 2016) 
▪ Secretary, Research and Proposal Development Committee ACFOLA (2015 – Present) 
▪ Principal Tutor, Philanthropic tutoring for grades 11 and 12 (2012 – Present) 
▪ Secretary, Bylaws and Constitution Committee, Nigeria Association London & Area (2015) 
▪ Member, Bylaws and Constitution Committee, Society of Graduate Students, UWO (2012) 
▪ General Labour, Habitat for Humanity, Edmonton, AB (2010 – 2011) 
▪ Event Volunteer, Civil & Environmental Engineering Graduate Student Association, University of 
Alberta, Edmonton, AB (2010) 
▪ Organizing Committee Member, National Institute of Agric. Engineers Workshop (2009) 
▪ Treasurer, National Institute of Agricultural Engineering, FUTA Chapter, Nigeria (2003/04) 
EDUCATION 
Doctor of Philosophy in Environmental & Green Engineering      2012 – Present 
University of Western Ontario (UWO), London, ON   
▪ Novel Acrylamido-based Polymeric Nanocomposites for the Flocculation and Adsorption Technology 
▪ Cumulative grade: 92 % 
Master of Engineering in Environmental Engineering                       2009 - 2011 
University of Alberta (UA), Edmonton, AB (GPA: 3.75/4.00) 
Bachelor of Engineering in Agricultural Engineering                       2001 - 2006 
Federal University of Technology, Akure (FUTA) 
▪ Graduated with First Class Honours (CGPA: 4.56/5.00) 
▪ Departmental Best Graduating Student with the highest CGPA 
COMPUTER SKILLS 
▪ Adept in CAD design (SolidWorks), biological process simulation (BioWins) and on-line 
electrochemical monitoring (Excelink); 
▪ Proficient using graphing and statistical packages: OriginPro, Sigmaplot, SPSS, Minitab and Statsoft, 
with programming skill (C++, VBasic and Html); 
▪ Skilled at numerical and finite element modelling (MATLAB, COMSOL Multiphysics); 
▪ Expert using chemistry software: ChemSketch, ChemDraw and NMR processor; 
▪ Experience in designing, building and populating research spreadsheets; and 
▪ Highly competent in MS Office Suite (Excel, Word, Access, PowerPoint, Visio). 
HONOURS AND AWARDS 
▪ Dean’s list                                    2002 – 2006 
▪ Best graduating student, Department of Agric. Engineering, FUTA                               2006 
▪ Prince Adegbule - Adesida Memorial Prize (Highest CGPA)                             2006 
▪ FUTA Staff Development Scheme (Awards)                               2008 
▪ Western Graduate Research Scholarship (WGRS)                              2012 
▪ Mitacs-Accelerate Graduate Research Internship Program                             2012 
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PUBLICATIONS 
Published Journal Article 
▪ O. O. Oyeneye, W. X. Zu, P. A. Charpentier. Adhesive RAFT agents for controlled polymerization of 
acrylamide: effect of catechol-end R groups, RSC Advances, 2015, 5, 76919-76926. 
▪ O. O. Oyeneye, W. X. Zu, P. A. Charpentier. Designing Catechol-End Functionalized Poly(DMAm-
co-NIPAM) by RAFT with Tunable LCSTs, J. Polym. Sci. Part A: Polym. Chem., 2017, 55: 4062–
4070.  
▪ O. O. Oyeneye, W. Wu, W. X. Zu, P. A. Charpentier. Graphene Oxide Poly(Styrene-co-DHPMA) 
Assemblies by RAFT Polymerization for Biomimetic-based Adsorbents, submitted to Nanotechology, 
2017. 
▪ O. O. Oyeneye, M. Abdelhameed, W. Z. Xu, P. A. Charpentier. N-(3,4-methylenedioxy aryl) 
Acrylamido-based Copolymers as Underwater Adhesives in Saline Environment (In preparation). 
▪ M. Abdelhameed, D. Martir, S. Chen, W. Xu, O. Oyeneye, S. Chakrabarti,; Z. -C. Eli; P. Charpentier. 
Tuning the Optical Properties of Silicon Quantum Dots via Surface Functionalization with Conjugated 
Aromatic Fluorophores, submitted to ACS Omega, 2017. 
▪ J. Feng, O. Oyeneye, W. Xu, P. Charpentier. In-situ NMR measurement of monomer reactivity ratios 
for copolymerization of methyl methacrylate and diallyl dimethyl ammonium chloride, submitted to 
Industrial & Engineering Chemistry Research, 2017. 
Dissertation/Academic Report 
▪ Oyeneye, O. O. 2011. Mitigating OSPW naphthenic acids toxicity via adaptable treatment technologies 
for biota sustainability. MEng. Project Report, University of Alberta, Edmonton, AB. 
▪ Oyeneye, O. O. 2006. Development of a small scale Amaranthus harvester. B.Eng. Thesis, Federal 
University of Technology, Akure, Nigeria. 
Conference Proceeding 
▪ Agbetoye, L. A. S. and Oyeneye, O. 2007. Development of a harvester for Amaranthus vegetable. 
Proceedings of a Conference on International Agricultural Research for Development tagged 
“Tropentag,” held in the University of Kassel-Witzenhausen and the University of Gottigen, Germany, 
9 – 11th, October 2007. 
Presentations 
▪ Oyeneye, O. O. 2016. Adaptation of trithiocarbonate chain transfer agents toward surface 
functionalization of acrylamide-polymers on metal oxides. Graduate Seminar Series, Chemical & 
Biochemical Engineering, University of Western Ontario. 
